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The global outbreak of mpox in 2022 and subsequent sporadic outbreaks in
2023 highlighted the importance of nonpharmaceutical interventions such as
case isolation. Individual variations in viral shedding dynamics may lead to
either premature ending of isolation for infectious individuals, or unnecessa-
rily prolonged isolation for those who are no longer infectious. Here, we
developed a modeling framework to characterize heterogeneous mpox
infectiousness profiles — specifically, when infected individuals cease to be
infectious — based on viral load data. We examined the potential effectiveness
of three different isolation rules: a symptom-based rule (the current guideline
in many countries) and rules permitting individuals to stop isolating after
either a fixed duration or following tests that indicate that they are no longer
likely to be infectious. Our analysis suggests that the duration of viral shedding
ranges from 23 to 50 days between individuals. The risk of infected individuals
ending isolation too early was estimated to be 8.8% (95% Cl: 6.7-10.5) after
symptom clearance and 5.4% (95% Cl: 4.1-6.7) after 3 weeks of isolation. While
these results suggest that the current standard practice for ending isolation is
effective, we found that unnecessary isolation following the infectious period

could be reduced by adopting a testing-based rule.

Since May 2022, a global outbreak of mpox (formerly monkeypox) has
spread primarily among men who have sex with men (MSM), first in
European and North American countries, and later in other regions'.
Although growth of the outbreak was initially rapid, the global trend
in reported cases changed around the summer of 2022 and has
been declining ever since’. Recent studies have suggested that the
case saturation in many countries may be explained largely by
infection-derived immunity accumulated among individuals who
have many sexual partners’, and the following decline in cases
may have been accelerated by vaccination campaigns and/or beha-
vioral changes'’. However, since the beginning of 2023, sporadic

outbreaks have been reported, mainly in Asian countries, which were
less affected by the 2022 outbreak and where vaccination campaigns
had not yet been initiated, leading to a substantial number of indivi-
duals remaining at risk of infection®. There are also reports of some
breakthrough infections and reinfections in European countries’®,
These findings warrant caution against a resurgence of mpox and
highlight the importance of maintaining nonpharmaceutical inter-
ventions (NPIs).

One essential NP1 is case isolation. The effectiveness of isolation
has been extensively studied in the context of COVID-19°"° and other
diseases™". In general, if cases are detected earlier (e.g., via contact
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tracing) and isolation begins sooner, a larger proportion of onward
transmissions can be prevented”. When determining the end of iso-
lation, later is always safer, as a longer isolation period minimizes the
risk of exposure by individuals who remain infectious. However, case
identification may require a substantial public health investigation
effort, and redundant isolation induces societal cost and burden for
individuals'®. Furthermore, more stringent control strategies may
also lead to reduced efficacy due to non-adherence'. To mitigate these
burdens, testing-based rules were applied during the COVID-19
pandemic”"*, which typically involved ending isolation following a
specified number of successive negative PCR or antigen test results.
Individual-level viral load data have been used to balance the effec-
tiveness and cost of isolation rules®®, which is key to sustainable
implementation.

The duration of the infectious period for mpox has yet to be
quantitatively characterized. Several studies have investigated serial
intervals (i.e., the time interval between symptom onset dates of pri-
mary and secondary cases in transmission pairs) as a proxy, and have
suggested that more than 90% of transmission occurs within two
weeks of symptom onset” .. However, factors such as self-reporting
may induce biases in serial interval estimates, and moreover, the serial
interval distribution may be different to that of the infectious period.
Recent findings have also indicated that there might be considerable
heterogeneity in the infectious period among individuals with mpox;
for example, there is substantial variation in observed serial intervals?,
and some confirmed cases in Europe have exhibited prolonged viral
shedding in their bodily fluids****. Consequently, isolation rules that do
not account for heterogeneity between individuals (e.g. rules based on
isolating for a fixed period following symptom onset) may lead to
either a risk of ending isolation too early for those who are infectious
for long periods, or an unnecessarily long isolation period for those
who are only infectious for short periods.

Current guidelines for mpox generally suggest quarantine of
individuals exposed to mpox virus for about 3 weeks'®*. The
three-week monitoring period is based on the estimated incuba-
tion period'®”, in which more than 98% of people with mpox
show symptoms within 21 days of exposure, to check if the
exposed individual becomes symptomatic. However, the incuba-
tion period does not reflect the generation time of the virus, with
onward transmission often occurring after symptom onset. Con-
sequently, individuals whose symptoms have developed are
recommended to isolate until their skin lesions have resolved
(typically 2-4 weeks)'®"**2% and are advised to refrain from sex-
ual contact for 12 weeks after the end of isolation®*"*%, It should
be noted that judging the clearance of symptoms for mpox is
often difficult and quite subjective, as mild lesions can be unde-
tected even at clinics®?°. This may result in misleading evalua-
tions of individuals’ risk of further onward transmission.

In this study, we first characterize individual infectiousness
profiles among mpox cases by analyzing longitudinal viral load
data. We describe the time course of virus shedding using a
mathematical model that captures individual heterogeneity in
the duration of viral clearance. We then stratify the population
according to the characterized shedding profiles and evaluate the
effectiveness of three different isolation rule types: a symptom-
based rule (i.e., the typical current approach), a fixed-duration
rule (i.e., a one-size-fits-all approach), and a testing-based rule
(i.e., a personalized approach in which individuals end their iso-
lation upon test results suggesting the individual is no longer
infectious). Our study provides an approach to quantify both the
risk of ending isolation too early and the period for which
infected individuals are isolated but do not pose an infection risk.
Our model can be used by policy makers to inform decision-
making, allowing isolation strategies to be determined that bal-
ance cost and effectiveness appropriately.

Results

Analyzed data and model fitting

We identified 7 publications including at least one case with lesion
samples meeting the inclusion criteria, and a total of 90 mpox cases
(see section “Methods”). All cases were symptomatic, and most of
them were reported in Europe. To standardize the collected data, we
converted the reported cycle threshold values to viral load (copies/ml)
using the conversion formula proposed in a previous study® (Sup-
plementary Table 1). We then fitted a viral clearance model to the
longitudinal viral load data from lesion samples (Supplementary Fig. 1a
and Supplementary Fig. 2). Estimated parameters suggested a median
viral load of 7.7 loglO copies/ml (95% CI: 7.3-8.2) at symptom onset
and a median viral clearance rate of 0.36 day™ (95% CI: 0.24-0.44),
respectively. Using these parameters, duration of infectiousness was
estimated: we first assumed a threshold value for infectiousness as 6.0
logl10 copies/ml based on data on viral replication in cell culture?>*,
and the duration of infectiousness was estimated to be 10.9 days (95%
Cl: 7.3-21.6) following the onset of symptoms. Additionally, a pro-
longed duration of viral shedding was estimated: the viral load drop-
ped below the limit of detection of a PCR test (2.9 loglO copies/ml)
30.9 days (95% CI: 23.4-50.6) after symptom onset (Supplementary
Fig. 1b). This finding is consistent with previous studies suggesting the
persistent presence of mpox viruses in clinical specimens®**,

Stratification for mpox cases

The 90 analyzed mpox cases were stratified into two groups Group 1
and Group 2 (Fig. 1a—c), using the K-means clustering algorithm based
on three estimated individual-level parameters: the viral load at
symptom onset, the total amount of virus excreted between symptom
onset and the end of shedding, and the duration of viral shedding (see
Supplementary Note 2). Group 1 had a lower viral load at symptom
onset and faster viral clearance, whereas Group 2 showed a higher viral
load at symptom onset and slower viral clearance. As a result, the
estimated duration of infectiousness in Group 2 was longer than in
Group 1 (Fig. 1c and Supplementary Fig. 1b). To compare the viral
dynamics between the two groups, we conducted statistical tests:
Individuals in Group 2 had significantly higher viral loads at symptom
onset than individuals in Group 1 (p=5.7x10"° from the
Mann-Whitney test). Viral clearance was significantly slower in Group
2 than in Group 1 (p=2.1x10"° from the Mann-Whitney test). Also,
individuals in Group 2 had a larger area under the viral load curve
(AUC) (p=4.6 x107" from the Mann-Whitney test). Thus, Groups 1
and 2 were characterized as groups with low and high transmission
potential, respectively (Fig. 1d). To describe the difference in timing of
viral clearance, we also reconstructed the probability of virus being
detectable over time by using the model with estimated parameters for
each group (Fig. 1e). In both stratified groups, the probability was
greater than 90% at 3 weeks after symptom onset. However, in the total
group (i.e., a group of all analyzed cases), the probability dropped to
69.9% (95% Cl: 67.0-73.2) at 4 weeks after symptom onset, which is the
upper bound of the isolation period recommended by the CDC and
ECDC"?. The probability in Group 1 at 4 weeks after symptom onset
was 61.6% (95% Cl: 58.2-64.8), whereas the corresponding probability
in Group 2 was 94.6% (95% CI: 93.1-96.0).

Symptom-based rule

Under the estimated viral dynamics, we compared three types of rules
for ending the isolation of individuals with mpox: a symptom-based
rule, a fixed-duration rule, and a testing-based rule. To assess the
effectiveness of the three rules, we considered three metrics: (1) the
risk of prematurely ending isolation, (2) the average estimated infec-
tious period after ending isolation (where this period was defined to be
zero for individuals who are no longer infectious at the time of ending
isolation), and (3) the average estimated duration for which individuals
were isolated unnecessarily after the end of their infectious period
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Fig. 1| Stratification of mpox virus infections. a Results of K-means clustering of
mpox cases based on viral load at symptom onset, area under the viral load curve
(AUC), i.e., the total amount of virus shed over time, and duration of viral shedding
using estimated individual parameters. Data points indicate individuals and are
colored based on the group that each individual is in. Principal component analysis
(PCA) was used to visualize the clusters in two dimensions. Groups 1 and 2 comprise
71 and 19 mpox cases, respectively. b Stratified viral load data points measured in
lesion samples. The cross represents data points where the viral load was below the
limit of detection. ¢ Reconstructed individual viral load trajectories in each group.
The horizontal dashed line means the assumed infectiousness threshold.

d Comparison between groups of: viral load at symptom onset (left panel); duration
of viral shedding (middle panel); and area under viral load curve (right panel),
respectively. The box-and-whisker plots show the medians (50th percentile; bold
lines), interquartile ranges (25th and 75th percentiles; boxes), and 2.5th to 97.5th

percentile ranges (whiskers). The sizes of Group 1 and Group 2 are 71 and 19 cases,
respectively. Using the two-sided Mann-Whitney test, statistically significant dif-
ferences between the two groups were found for viral load at symptom onset
(pvalue=5.7x1071°), duration of viral shedding (p value =2.1x107"), and area
under viral load curve (p value=4.6 x10™). Group 1 and Group 2 represent cases
with low and high risk of transmission, respectively. e Viral clearance in each group.
Probability of detectable virus after symptom onset for each group (left panel). The
solid lines and shaded regions indicate means and 95% confidence intervals,
respectively. The dashed lines and dotted lines stand for probabilities at 3 and

4 weeks after symptom onset, respectively. Bar plots represent the probabilities for
3 weeks (right upper panel) and 4 weeks (right lower panel) after symptom onset,
respectively. The centers and error bars indicate means and 95% confidence
intervals, respectively. Note that the estimated probabilities are based on 100
independent simulations.

(which could be positive or negative). Whether an individual was
infectious or not was ascertained based on an assumed threshold viral
load value (see section “Methods”).

With these metrics, we first evaluated the current symptom-based
isolation guideline (i.e., patients remain isolated until their skin lesions
have cleared), accounting for variations in the timing of lesion clear-
ance between individuals. We estimated distributions of the timing of

lesion clearance using data from 43 mpox patients describing the
duration of lesion presence (see section “Methods”). As a result, the
mean duration from symptom onset to lesion clearance was estimated
to be 25.2 days (95% Cl: 21.6-29.7). The median and interquartile range
(IQR) were 23.2 days and 17.6-30.7 days, respectively. The estimated
values were consistent with typical current isolation periods of
2-4 weeks'®""*?8 (Supplementary Fig. 3 and Supplementary Table. 4).
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In the total group, the risk of prematurely ending isolation was esti-
mated to be 8.8% (95% CI: 6.7-10.5) and Group 1 had a lower risk of
4.9% (95% CI: 3.8-6.1). In addition, both stratified groups yielded an
average estimated infectious period after ending isolation of lower
than 1 day. However, in Group 2, the risk of prematurely ending iso-
lation was 25.7% (95% Cl: 23.8-28.0) with a longer estimated infectious
period after ending isolation of 1.6 days (95% CI: 1.4-1.8). The mean
estimated duration for which individuals in the total group were iso-
lated unnecessarily after the end of their infectious period was
12.1 days (95% CI: 11.6-12.8), whereas Groups 1 and 2 had unnecessary
isolation periods of 13.5 days (95% CI: 13.0-14.1) and 6.6 days (95% CI:
5.9-7.3), respectively (Supplementary Fig. 4).

Furthermore, to ensure isolation is ended safely, we considered an
additional isolation period beyond the time of lesion clearance. To
lower the risk of prematurely ending isolation below 5% and the esti-
mated infectious period after ending isolation below 1 day, the total
group and Group 2 required additional isolation periods of 3 and
10 days on average, respectively. However, no additional isolation
periods were necessary for Group 1. The resulting unnecessarily
prolonged isolation periods in the total group, Group 1, and Group 2
were estimated to be 15.1, 13.5, and 16.6 days on average, respec-
tively (Fig. 2a).

In our main analyses, we assumed that the presence or absence of
symptoms was independent of viral dynamics. However, as a sensi-
tivity analysis, we evaluated the current symptom-based rule for the
total group under different assumed relationships between individual
viral dynamics and the duration of lesion presence (see section
“Methods”). The risk of ending isolation prematurely was lower when
increased and/or prolonged viral shedding was assumed to be more
strongly correlated with slower lesion clearance—the estimated risk
under our baseline assumption (i.e., that lesion clearance is indepen-
dent of viral shedding) can therefore be considered as an upper bound.
This is because, if the presence of lesions is shown to be positively
correlated with viral shedding, patients with fast lesion clearance could
end isolation safely, and thus the estimated risk under such conditions
would be lower than the baseline assumption. The unnecessarily pro-
longed isolation periods in this supplementary analysis were found to
be comparable to those under the baseline setting and were lower than
2 weeks on average (Supplementary Fig. 5).

Fixed-duration rule

Under a fixed-duration rule of ending isolation 3 weeks after symptom
onset, the risk of ending isolation prematurely in the total group was
estimated to be 5.4% (95% Cl: 4.1-6.7). The average estimated duration
for which individuals were isolated unnecessarily after the end of their
infectious period was 8.3 days (95% CI: 8.0-8.6). Group 1 had a lower
risk of ending isolation prematurely of 1.9% (95% CI: 1.0-2.9), and a
longer unnecessary isolation period of 9.7 days (95% CI: 9.4-9.9).
However, in Group 2, a higher risk of 25.7% (95% CI: 23.2-28.0) was
estimated, with a shorter unnecessary isolation period of 2.8 days (95%
Cl: 2.4-3.1). To guarantee a risk of prematurely ending isolation below
5% and an estimated infectious period after ending isolation shorter
than 1 day, we found that the total group, Group 1, and Group 2 needed
to be isolated for 22, 19, and 29 days, respectively. In this case, the
estimated duration for which individuals were isolated unnecessarily
after the end of their infectious period was estimated to be 9.4, 7.7, and
10.8 days for the total group, Group 1, and Group 2, respec-
tively (Fig. 2b).

Testing-based rule

For symptom-based and fixed-duration rules, isolation of individuals
with mpox ends after lesion clearance or fixed-time period following
symptom onset, so the three metrics considered here are determined
by the mean symptom duration or the predefined isolation period
(Fig. 2a, b). By contrast, a testing-based rule is dependent on both the

time interval between tests and the exact criterion used for ending
isolation (see section “Methods”). Under a criterion in which isolation
ends following two consecutive PCR test results indicating loss of
infectiousness with daily testing (similar to a criterion widely used for
COVID-19)Y, the total group had a risk of prematurely ending isolation
of 52.2% (95% Cl: 49.7-54.6), and the estimated infectious period after
ending isolation was calculated to be 2.3 days (95% CI: 2.1-2.5). Simi-
larly, high risks of prematurely ending isolation, accompanied with an
estimated infectious period after ending isolation longer than 1 day,
were estimated in the stratified groups (first-row and second-row
panels in Fig. 2¢).

By varying the criteria (i.e., the required number of consecutive
test results indicating loss of infectiousness and the time interval
between tests), different testing-based isolation rules can be tested in
terms of their effects on the three metrics. The risk of prematurely
ending isolation and the estimated infectious period after ending
isolation decreased with a longer interval between tests and with a
larger number of consecutive test results indicating loss of infec-
tiousness (first-row and second-row panels in Fig. 2c), whereas the
estimated duration for which individuals were isolated unnecessarily
after the end of their infectious period increased (third-row panels in
Fig. 2¢). Under the conditions that the risk of prematurely ending
isolation is lower than 5% and the estimated infectious period after
ending isolation is shorter than 1 day, the minimum value of the
unnecessary isolation period in the total group was 7.4 days (95% CI:
7.1-7.7) with three consecutive test results indicating loss of infec-
tiousness and an interval of 5 days between tests (purple triangles in
Fig. 2c). Correspondingly, an isolation period of 20.1 days (95% CI:
19.7-20.5) was required on average. On the other hand, under the same
conditions, stricter rules were needed for Group 2: four consecutive
test results indicating loss of infectiousness and an interval of 2 days
between tests were needed to minimize the estimated duration for
which individuals were isolated unnecessarily after the end of their
infectious period to 8.4 days (95% CI: 8.0-8.7), with a mean isolation
period of 26.6 days (95% CI: 26.0-27.0) (red triangles in Fig. 2c).

To further evaluate the uncertainty in the test-based rule, we
considered a different type of measurement error model (i.e., a pro-
portional error model), where the error variance increases in propor-
tional to the predicted mean viral load, and examined the
corresponding difference in the total group as a sensitivity analysis
(see section “Methods”). While the measurement error was constant in
the main analysis (i.e., constant error model), the proportional error
model described higher error variance near the assumed infectious-
ness threshold. As a result, a stricter optimal isolation rule was needed
to lower the risk and the estimated infectious period after ending
isolation below 5% and 1 day, respectively: four consecutive test results
indicating loss of infectiousness and an interval of 3 days between
tests. However, the minimized unnecessary period and corresponding
optimal isolation period under the proportional error model were
comparable to the constant error model (Supplementary Fig. 6).

Additionally, whereas we focused on PCR testing in our main
analyses, we conducted further analyses considering rapid antigen
tests (RATSs) to evaluate the effectiveness of using different test types
when applying the testing-based rule. Under the testing-based rules
using RATSs, test results correspond to negative results (i.e., measured
viral loads below a limit of detection) (see section “Methods”). When
RATs with either high or low sensitivity were utilized in the testing-
based rule, the optimal isolation periods on average were comparable
with those under PCR testing. However, the optimal testing rules for
ending isolation differed depending on RAT sensitivity: 2 consecutive
negative results with 3-day intervals between tests were optimal for the
high sensitivity RAT and 5 consecutive negative results with 3-day
intervals between tests were optimal for the low sensitivity RAT. In
both scenarios, a higher number of total tests was required to meet the
specified conditions (i.e., the risk of prematurely ending isolation <5%

Nature Communications | (2024)15:7112



Article

https://doi.org/10.1038/s41467-024-51143-w

o
=]
n
=]

—— Total

®
=}
o

Group 1

@
=]
)

Group 2

N
o
®

n
=]

Risk of prematurely
ending isolation (%)
e

< 5%

L
o

<1 day

'

'

'

'

'

'

'

'

'

'

'

'

'

L

~ '
. .

==

o
o

Unnecessarily prolonged
isolation period (days)

1
n
o

Estimated infectious period
after ending isolation (days)

-5 0 5 10 15
Additional isolation period (days)

-5 0

n
o

N Total

(
@
o

_Z
>

Group 1

@
=}
N

Group 2

N
o
®

n
o

4 AN

Additional isolation period (days)

-5 0 5 10 15
Additional isolation period (days)

5 10 15

Risk of prematurely
ending isolation (%)

<
after ending isolation (days)

Estimated infectious period

isolation period (days)

Unnecessarily prolonged

5

o4

0 5 10 15 20 25
Isolation period (days)

Total

(%)

10
Isolation period (days)

Group 1

30 0 5 10 15 20 25 30

Isolation period (days)

15 20 25

[ <5%

[0 <1day

100

(%)
R

(%)
5 100

75

75 75

HSO

-l

a_
1 2 3 4 5 1

Interval between
tests (days)

25

Risk of prematurely
ending isolation (%)
Consecutive tests indicating
loss of infectiousness
©
Consecutive tests indicating
loss of infectiousness
©

(days)

2

Interval between
tests (days)

50 50

25 25

Consecutive tests indicating
loss of infectiousness
I

3 4 5 12 3 4 5
Interval between
tests (days)

(days)
B 10

(days)

loss of infectiousness
@
o

loss of infectiousness
w

2
1
1 2 3 4 5 1

Interval between
tests (days)

5
4

A

Estimated infectious period
after ending isolation (days)
Consecutive tests indicating
Consecutive tests indicating

(days)

| 20
10

Unnecessarily prolonged
isolation period (days)
Consecutive tests indicating
loss of infectiousness
©
Consecutive tests indicating
loss of infectiousness
©

1 2 3 4 5 1
Interval between
tests (days)

(days)
- R 40
e |

3 A
20

2

Isolation period (days)
Consecutive tests indicating
loss of infectiousness
Consecutive tests indicating
loss of infectiousness
©

1 2 3 4 5 1

Interval between
tests (days)

and the estimated infectious period after ending isolation <1 day)
(Supplementary Fig. 7) than for PCR testing, since even high sensitivity
RATs are typically much less sensitive than PCR tests (see Supple-
mentary Note 5 and Supplementary Fig. 8). Additionally, RATs only
provide qualitative test results (i.e. positive or negative), making it
impossible to determine whether an individual who tests positive has a
viral load that has fallen below the assumed infectiousness threshold.

2

Interval between
tests (days)

2

Interval between
tests (days)

2

Interval between
tests (days)

£
Consecutive tests indicating
loss of infectiousness
w
o

3 4 5 12 3 4 5
Interval between
tests (days)
(days)
y 20

(days)

Consecutive tests indicating
loss of infectiousness
©

3 4 5 12 3 4 5
Interval between
tests (days)

(days)

30

20

Consecutive tests indicating
loss of infectiousness
w

3 4 5 1 2 3 4 5

Interval between
tests (days)

Comparison between three different isolation rules for ending
isolation

To highlight the difference between the three isolation rules for each
group, we compared the three types of rule by computing the optimal
rules in which the estimated isolation period following the end of
infectiousness is minimized while ensuring that the risk of prematurely
ending isolation is less than 5% and the estimated infectious period
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Fig. 2 | Three different isolation rules for different groups. a Symptom-based
rules. The vertical dotted lines mean the current symptom-based isolation guide-
line. The x-axis represents the additional isolation period from the current guide-
line. b Fixed-duration rules. The x-axis represents the fixed period of isolation. Left
panels in both a and b show the risk of prematurely ending isolation for different
isolation periods. The horizontal lines correspond to 5%. Estimated infectious
period after ending isolation for different isolation periods (middle panels). The
horizontal lines correspond to 1 day. The estimated period for which individuals are
isolated unnecessarily after the end of their infectious period for different isolation
periods (right panels). The squares and circles indicate the points with the lowest
unnecessarily prolonged isolation period for which the following conditions are
satisfied: i) the risk of prematurely ending isolation is lower than 5% and ii) the
estimated infectious period after ending isolation is shorter than 1 day. The vertical
dashed lines correspond to the optimal additional isolation period and the optimal
fixed duration of isolation in the total group for symptom-based rules and fixed-

duration rules, respectively. The solid lines and shaded regions in each panel
indicate means and 95% confidence intervals, respectively. ¢ Testing-based rules.
The risk of prematurely ending isolation (first row of panels), the estimated infec-
tious period after ending isolation (second row of panels), the estimated isolation
period following the end of infectiousness (third row of panels), and the overall
isolation period (fourth row of panels) are shown for different intervals between
tests and numbers of consecutive tests indicating loss of infectiousness necessary
to end isolation. PCR (polymerase chian reaction) tests (limit of detection = 2.9
logl0 copies/ml) were used to measure viral load. The areas surrounded by solid
lines are those with 5% or lower risk of prematurely ending isolation and with 1 day
or shorter estimated infectious period after ending isolation, respectively. The
triangles correspond to the points with the shortest estimated isolation period
following the end of infectiousness for which both conditions noted above are
satisfied. Color keys and symbols apply to all panels. Note that the estimated values
are based on 100 independent simulations.
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Fig. 3| Comparison between three different isolation rules for different groups.
The filled squares, circles, and triangles represent symptom-based, fixed-duration,
and testing-based rules, respectively. Each symbol represents the mean length of
isolation using the rule that minimizes unnecessarily prolonged isolation under the
conditions that the risk of prematurely ending isolation is less than 5% and the
estimated infectious period after ending isolation is less than 1 day. Note that for
testing-based rules, the interval between tests and the number of consecutive tests
indicating loss of infectiousness necessary to end isolation were chosen to mini-
mize the unnecessarily prolonged isolation period. The vertical lines indicate the
optimized isolation periods of three isolation rules for the total group. The unfilled
square with outline indicates the current (non-optimized) symptom-based rule for
the total group.

after ending isolation is less than 1 day (squares, circles, and triangles in
Fig. 2). In the total group, the optimized symptom-based (i.e., current
guideline +3 days), fixed-duration, and testing-based rules gave iso-
lation periods of 28.3, 22, and 20.1 days, resulting in minimized
unnecessary isolation periods of 15.1, 9.4, and 7.4 days on average,
respectively (Fig. 3). In particular, compared to the current (non-
optimized) symptom-based rule, the other two optimized rules
involved shorter isolation periods and reduced unnecessarily pro-
longed isolation periods. In Group 2, the testing-based rule led to an
unnecessary isolation period that was 8.2 and 2.4 days shorter than the
symptom-based and fixed-duration rules, respectively. The testing-
based rule in Group 1 yielded an unnecessary isolation period of
7.1 days shorter than the symptom-based rule, whereas it was com-
parable to the fixed-duration rule. However, compared with the other
two rules in the total group, the testing-based rule in Group 1 could

reduce the unnecessary isolation period to 17.7 days, with the optimal
isolation period of 6.4 days.

In addition, to assess the effectiveness of the testing-based rule,
we examined the difference between the testing-based rule and the
other two rules in the total group. The considered conditions for this
assessment were; three consecutive test results indicating loss of
infectiousness and a 5-day interval between tests for the testing-based
rule (Fig. 2c), the current isolation guideline (i.e., the estimated dura-
tion of lesion presence) for the symptom-based rule, and the 22-day
isolation period for the fixed-duration rule (Fig. 2a, b). Compared with
symptom-based and fixed-duration rules, 63.2% (95% CI: 60.8-66.0)
and 63.5% (95% CI: 60.6-65.4) of the total group could reduce their
isolation periods using the testing-based rule, respectively (Supple-
mentary Fig. 9a). The mean isolation period was shortened by 10.8 and
5.5 days compared to symptom-based and fixed-duration rules,
respectively, and the average unnecessarily prolonged isolation period
was also effectively reduced (Supplementary Fig. 9b, c¢). In these cases,
the total number of tests required for ending isolation in the testing-
based rule was estimated to be from 3 to 7 times (Supplemen-
tary Fig. 9d).

As a sensitivity analysis, we varied the assumed infectiousness
threshold and investigated the corresponding difference in the esti-
mated period for which individuals were isolated unnecessarily after
the end of their infectious period between the three rules (Supple-
mentary Fig. 10). When the assumed infectiousness threshold is higher,
the corresponding estimated infectious period becomes shorter,
leading to a shorter required isolation period and shorter period of
unnecessary isolation given the same acceptable risk. Our analysis
showed that a higher assumed infectiousness threshold resulted in
smaller differences between the fixed-duration and testing-based rules
for each stratified group, which was consistent with our previous
findings for COVID-19°. On the other hand, simulations for the
symptom-based rule in the total group suggested that the current
guideline would lead to safer ending isolation but longer unnecessary
isolation periods if the assumed infectiousness threshold value was
increased.

We used an assumed infectiousness threshold of the viral load
(6.0 log10 copies/ml) as a cut-off value for assessing isolation rules in
the main analysis; however, other metrics for the risk of prematurely
ending isolation could also be considered. To demonstrate this, we
estimated the average area under the viral load curve (AUC) following
the end of isolation for the total group under the different isolation
rules, and compared the estimated values with the AUC without iso-
lation (see Supplementary Note 6). Without any isolation, the average
AUC was estimated to be 10*° copies/ml-days (95% CI: 10%4-10%¢). On
the other hand, the estimates of average AUC after ending isolation
were 10°? copies/ml-days (95% CI: 10°'-10%%), 10%° copies/ml-days (95%
Cl: 10°8-10%1), and 10%® copies/ml-days (95% Cl: 10°7-10°?) under the

Nature Communications | (2024)15:7112



Article

https://doi.org/10.1038/s41467-024-51143-w

current isolation guideline (i.e., the estimated duration of symptoms)
for the symptom-based rule, the 22-day isolation period for the fixed-
duration rule, and three consecutive test results indicating loss of
infectiousness and a 5-day interval between tests for the testing-based
rule, respectively. Compared to the case of no isolation, the average
AUC was reduced by more than 95% under all three isolation rules, with
the optimized testing-based rule giving the greatest reduction in the
AUC (Supplementary Fig. 11). This indicates that the risk of prema-
turely ending isolation can be limited through those isolation rules.

Additionally, to highlight the necessity of the optimal isolation
strategy (i.e., three consecutive test results indicating loss of infec-
tiousness and a 5-day interval between tests) for the testing-based
rules, we compared its average AUC to one under the other testing
strategy. Since the mpox viral load continuously decreases over time
since symptom onset, only one test result may be considered sufficient
to guarantee the loss of infectiousness. However, this strategy may
miss the ongoing infectiousness due to the measurement error (Sup-
plementary Fig. 12a), whereas the optimal isolation strategy may end
isolation more safely (Supplementary Fig. 12b). The average AUC
under the strategy with one test result indicating loss of infectiousness
and a 5-day interval between tests was estimated to be 10”® copies/
ml-days (95% CI: 1077—10"%), much higher than one under the optimal
testing strategy (Supplementary Fig. 12c).

As a sensitivity analysis, we considered an alternative two-phase
exponential decay model®, estimated the viral dynamics, and assessed
the effectiveness of different isolation rules. In this additional analysis,
to ensure that the parameters were identifiable, we used data from 30
cases (out of 90 cases with lesion samples) for which the viral load in
lesion samples was recorded at four or more time points (see Sup-
plementary Note 7). Compared to the baseline model (one-phase
exponential decay model), the two-phase model indicated a higher
viral load at symptom onset with a faster clearance in the first phase
but with a slower clearance in the second phase (Supplementary
Fig. 13a, Supplementary Fig. 14, and Supplementary Table 5), resulting
in a longer estimated duration of infectiousness (p = 2.1 x10™* from the
Mann-Whitney test) (Supplementary Fig. 13b). However, there was no
significant difference in the duration of viral shedding between the
baseline model and the two-phase exponential decay model (Supple-
mentary Fig. 13¢). For symptom-based and fixed-duration isolation
rules under the two-phase exponential decay model, longer isolation
periods on average were needed for ending isolation than using the
baseline model. On the other hand, under the testing-based rules, the
required isolation period was comparable with the baseline model
(Supplementary Fig. 13d). Consequently, in the two-phase exponential
decay model, the testing-based rules again substantially reduced the
unnecessary duration of isolation, with shorter required isolation
periods than under the symptom-based and fixed-duration rules.

Comparison between lesion and other samples for infectious-
ness after ending isolation

To demonstrate that lesion samples are suitable for designing isolation
rules, we compared the viral dynamics that we inferred using lesion
samples to analogous results obtained using other samples. Specifi-
cally, we used longitudinal viral load data measured in upper respira-
tory tract, blood, and semen samples from the same mpox cases to
estimate mpox virus dynamics in those samples (Supplementary
Table 1, Supplementary Table 2, Supplementary Fig. 15a, and Supple-
mentary Fig. 16). Following symptom onset, other samples exhibited
lower viral loads compared with lesion samples. For example, at the
optimal ending isolation period of 22 days under fixed-duration rules,
the viral load in lesion samples was substantially higher than in other
samples (Supplementary Fig. 15b). Moreover, we compared the pre-
dicted infectiousness in lesion samples and other samples by esti-
mating the proportion of individuals who remained infectious on day
22 after symptom onset. Around 3% of individuals were estimated to be

infectious when lesion samples were used, whereas the viral load never
exceeded the assumed infectiousness threshold for the other samples
(Supplementary Fig. 15¢). This suggests that infectious individuals with
mpox may be missed if we implement a testing-based rule with sam-
ples other than lesion samples.

Discussion

In this study, we have compared the effectiveness of different rules
that can be implemented to determine when individuals with mpox
stop isolating. For the current symptom-based rule, our results showed
that after skin lesions have disappeared, an additional 3-day isolation
ensures the safe end of isolation. If instead a single population-wide
fixed-duration rule is used, then we found that allowing individuals to
end their isolation after a period of three weeks following symptom
onset is a reasonable threshold. Under these rules, our transmission
model suggests that more than 95% of post-diagnosis transmissions
would be prevented. Our modelling analysis showed that there is
individual heterogeneity in viral shedding kinetics, indicating that the
use of testing-based rules may reduce the period for which infected
individuals with a shorter duration of virus shedding are required to
isolate.

Because we observed different shedding kinetics between mpox
cases in the analyzed data, we stratified the cases based on their viral
load during the decay phase of infection (Fig. 1). Variations in virus
shedding may lead to substantial heterogeneity in infectiousness
between individuals. For mpox, existing studies have focused on
individual variations in the number of sexual contacts or partners*>¢,
because higher contact rates generally result in a larger number of
secondary cases. In contrast, variations in viral shedding have received
limited attention to date. Our study found that about 32% of mpox
cases exhibit a 5-10-day shorter (or longer) duration of virus shedding
than the average. Such individuals may thus contribute to virus
transmission for shorter (or longer) periods, resulting in a lower (or
higher) number of secondary cases. When designing tailored inter-
ventions to ensure that the time-dependent reproduction number, R
(the average number of secondary cases generated by each infected
individual)”’, is below one (i.e., the outbreak is declining), our
approach provides a way to incorporate such heterogeneity in the
infectious period by using individual viral load as a proxy.

For evaluating the risk of transmission following the end of iso-
lation, the use of longitudinal viral load data may be advantageous over
symptom-based rules. One difficulty lies in the inherent uncertainty in
self-reported symptoms; many confirmed mpox cases have been
found to be not fully aware of their symptoms at the time of
reporting™®. Also, the precise identification of visible clearance of skin
lesions poses a challenge in determining the end of isolation. Viral load
data have the potential to provide more objective and quantitative
criteria for ending isolation®. If viral load data are used, measuring
viral load in lesion samples (rather than the other sample types that we
considered) is the safest choice, as lesion samples showed the highest
viral load and the longest detectable period (Supplementary Fig. 15).

Isolation rules need to balance the risk of exposure by individuals
who remain infectious and the societal burden of extended isolation.
Our results indicate that optimized symptom-based, fixed-duration,
and testing-based rules can result in comparable risk levels if the same
rule is applied to all cases. By contrast, the total duration of unneces-
sary isolation can be reduced using a testing-based rule. It is possible to
shorten the isolation period for those with faster viral clearance,
leading to a reduced burden at the population level. Furthermore, our
simulation results showed that about 3-7 total tests were required by
most individuals under the optimized testing-based rule (Supple-
mentary Fig. 9). The estimated reduced isolation duration and testing
frequency could be used to assess the cost-effectiveness of different
strategies in future studies if additional information (e.g. the costs of
prolonged isolation or PCR testing) can be obtained or estimated.
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A testing-based rule may also be beneficial for evaluating the times at
which individuals can resume sexual activities. Despite the current
recommendation of using a condom for 12 weeks after scabs have
fallen off as a precaution”??%, having additional information about
patients’ infectiousness would offer reassurance to them and help to
prevent discrimination and stigma related to sexual behaviors. As
outlined in Supplementary Fig. 15, our assessment revealed that viral
load in semen had fallen below the assumed infectiousness threshold
by the endpoint of an optimized fixed-duration isolation period of
22 days. However, this result requires careful interpretation, since the
threshold viral load above which transmission can occur is likely to
depend on the precise route of transmission, in addition to other
factors (e.g. scars on the skin).

As with any modelling analysis, there are limitations to our study.
For example, our analysis relied on the patient data collected, which
may not be representative of all mpox cases in the affected population.
The estimated parameters were obtained using data from untreated
patients, but in outbreak settings antiviral drugs such as tecovirimat
may be provided to individuals with mpox and used prophylactically.
Further investigations into the association between clinical char-
acteristics of patients (e.g., medication history, smallpox vaccination
status, and symptom severity) and viral load would be needed for a
more granular understanding of heterogeneous infectiousness pro-
files. This may enable, for example, different isolation periods to be
specified for individuals with different characteristics. Another lim-
itation of this work is that the duration of lesion presence was esti-
mated independently of the mpox viral load data. Since there were no
available data to analyze the relationship between lesion clearance and
mpox viral kinetics, we assumed these features to be independent in
our main analysis. Accordingly, we conducted sensitivity analyses for
the symptom-based rule by incorporating a dependency between the
two features (Supplementary Fig. 5), demonstrating that our main
estimates of the risk of premature release from isolation under the
current rule may be upper bounds in practice.

Of course, the relationships between viral dynamics, symptoms
and transmission are likely to be complex. For example, individuals
would be more likely to refrain from sexual activities when lesions are
still present, resulting in a lower risk of transmission. In addition, mpox
virus shedding may not be exactly concurrent with the presence of
symptoms, as has been demonstrated for other viral infections. For
example, viral shedding of SARS-CoV-2 does not coincide with COVID-
19 symptoms*’, and in genital herpes caused by HSV (Herpes Simplex
Virus), viral elimination typically occurs when lesions are still present
and visible". The presence of lesions may not always be a good indi-
cator of transmission risk, potentially leading to even more unneces-
sary isolation in some scenarios. If coupled viral load and lesion
clearance data become available, the relationship between viral
dynamics and symptoms could be analyzed more clearly; this is an
essential target for future work. Similarly, the association between
mpox viral load and infectiousness needs to be understood more
deeply. Based on experimental data on viral culturability, we used 6.0
logl0 copies/ml as an assumed threshold value for infectiousness in
our main analysis; however, this estimate is uncertain®*>*>, We there-
fore performed sensitivity analyses (Supplementary Fig. 10) and found
similar qualitative results about the relative effectiveness of different
strategies regardless of the assumed threshold value. Also, since the in
vitro-in vivo relationship on the culturability of mpox is not well
understood, the assumed infectiousness threshold has not been vali-
dated in vivo for human sexual transmission. If coupling epidemiolo-
gical data and viral load data at the individual level becomes available,
we could estimate the infectiousness threshold in vivo in future stu-
dies. Furthermore, our analysis considered observation error in the
testing-based rules but did not explicitly capture external sources of
uncertainty that affect the false-negative rate of testing. In practical
settings, imperfect swab sampling, especially with self-collection,

could occur (leading to different test specificity/sensitivity). There may
also be who repeatedly test until they obtain a negative result, as
occurred during the COVID-19 pandemic*’. Such practical challenges
need to be considered when implementing testing-based rules. Finally,
our literature search was not completely systematic. The estimated
viral dynamics may be biased towards those of patients who showed
clear symptoms and were recorded in the collected datasets. Our
analysis showed the substantial variability of viral dynamics across
individuals; however, this result should be interpreted as the variation
within the analyzed patient data, and there may be even larger indi-
vidual variation if additional data of milder cases are incorporated.

In conclusion, despite the necessary simplifications of the mod-
elling framework, this study provides empirical evidence for hetero-
geneity in virus shedding kinetics and infectiousness among mpox
cases and describes the impact of such heterogeneity on the effec-
tiveness of different isolation rules. Rules that recommend isolating
until lesion clearance or following a fixed period after being exposed to
the virus are straightforward to apply, and can be effective at pre-
venting transmission. Rules that are instead based on obtaining test
results indicating loss of infectiousness prior to ending isolation are
more nuanced and can have advantages, for example by reducing the
period for which some individuals are required to isolate after they are
no longer infectious. Careful consideration of the benefits and draw-
backs of different rules for ending isolation is essential. Ensuring sus-
tainable implementation of NPIs remains key to responding effectively
to future outbreaks of mpox and other diseases.

Methods

Study data

Longitudinal viral load data from mpox cases were obtained through
literature searches using PubMed and Google Scholar. Specifically, the
following query was used: (“Mpox” or “Monkeypox”) and (“viral load”
or “viral concentration” or “Ct value” or “cycle threshold”) and (“skin
lesion” or “lesion”) and (“dynamics” or “kinetics” or “clinical course” or
“symptom onset”). Further, we investigated articles from 2022 and
2023 identified in the search, reviewing each to extract the relevant
data based on the following inclusion criteria: (1) time of symptom
onset was recorded; (2) viral load was measured at least at two dif-
ferent time points (i.e., positive test results); (3) viral load was mea-
sured in different samples including lesion samples; and (4) patients
did not receive any antivirals (as our model does not consider antiviral
treatment). A total of 7 publications met those criteria, and 90 mpox
cases were identified?**2%437¢,

Additionally, we collected data on lesion clearance on mpox
patients from the National Center for Global Health and Medicine
(NCGM), Tokyo, Japan from July 2022 to November 2023. All mpox
patients were diagnosed by polymerase chain reaction (PCR) for mpox
using patient specimens. Data were collected on the following patient
characteristics: date of birth, age, sex, race, clinical symptoms such as
fever, skin lesion and annal pain, severe illness, treatment such as
tecovirimat and vaccinia immune globulin intravenous. Severe illness
was defined according to the mpox treatment guideline provided by
the Disease Control and Prevention Center, National Center for Global
Health and Medicine*’, and the Guidance for Tecovirimat Use by the
Centers for Disease Control and Prevention of the United States of
America*,

Ethics declarations

For the longitudinal viral load data of mpox patients, we used only de-
identified data from published studies and thus ethics approval was
not required. For the lesion clearance data of mpox patients, this study
was approved by the ethics committee of the National Center for
Global Health and Medicine (NCGM) (approval no: NCGM-S-004748-
00) and was implemented in accordance with the Declaration of Hel-
sinki. Patient data were anonymized prior to the analysis. Due to the
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retrospective nature of the study, the requirement of patient consent
was waived.

Modelling mpox viral clearance and parameter estimation
Using the viral load data, we parameterized a mathematical model of
temporal viral clearance dynamics in each infected individual. The
collected viral load showed a decreasing trend over time since symp-
tom onset (Supplementary Fig. 17), which was observed in other
literature?***°, Thus, we employed an exponential decay model, which
was previously utilized in a mpox study®:

dv(e)
T SV(0), 1)
where the variable V(t) is the viral load (copies/ml) at time ¢ and
parameter 6 represents the viral clearance rate. Note that the timescale
is time after symptom onset; ¢ = 0 is thus the date on which symptoms
of mpox first began. V(0) is the initial viral load at symptom onset.

A nonlinear mixed-effect model was used to estimate the para-
meters 6 and V(0)*'°. This approach captures the heterogeneity in the
viral dynamics by including both a fixed effect (the shared effect
among individuals, i.e., population parameter) and a random effect
(the individual-level effect) in each parameter. Population parameters
and the standard deviation of random effects were estimated by using
the Stochastic Approximation Expectation Maximization algorithm to
compute the maximum likelihood estimator of the parameters,
assuming a Gaussian distribution (mean O and variance o2) for the
residuals (i.e., differences between predicted log viral load and mea-
sured log viral load) to quantify the error used in our simulations®.
Individual parameters were subsequently computed using Markov
Chain Monte Carlo (MCMC), and then best-fit estimates for each
individual were calculated as Empirical Bayes Estimates (EBEs) (see
Supplementary Note 1). The estimation procedures were performed
using MONOLIX 2023R1 (www.lixoft.com).

Clustering algorithm to stratify mpox cases

We stratified the mpox cases using the K-means clustering algorithm®?,
which finds cluster assignments by minimizing the sum of squared
Euclidean distances between three estimated features: viral load at
symptom onset, area under the viral load curve (AUC), and duration of
viral shedding (see Supplementary Note 2). We first standardized the
estimated features to ensure well-separated clusters, since they have
different units. Then, the algorithm partitioned the set of estimated
features into k clusters. The optimal number of clusters was deter-
mined by the Silhouette method*. To visualize the result of K-means
clustering in a two-dimensional plane, we conducted a dimensionality
reduction using principal component analysis (PCA)*.

Simulation of viral dynamics and different rules for ending
isolation

To account for individual variability in viral dynamics when deter-
mining the optimal duration of isolation, we simulated the predicted
viral load, V(t), for N virtual patients by running the viral clearance
model. Parameter sets for each virtual patient were sampled from
distributions of estimated model parameters. The measured viral load,
V(t), was obtained from the following observation error model:
Ioglof/(t)=IoglOV(t)+£,s~N(O,02), where ¢ is the error term. For
each individual, the residuals were calculated at all measurement
time points, and by fitting a Gaussian distribution to all computed
residuals, the variance of error, 02, was estimated. Note that the var-
iance for each virtual patient was assumed to be constant over time in
the main analysis (i.e., constant error model). For parameter sets for
virtual patients in each stratified group, we used individual parameters
drawn from conditional distributions (i.e., distributions conditioned

on the observed data and the estimated population parameters)
characterizing the estimated parameters for individuals in each group,
as estimated in the MCMC procedure. Additionally, as a sensitivity
analysis, we considered a different observation error model whose
variance is proportional to the predicted viral load (i.e., proportional
error model): log;, I7(t) =log,o V() +€,€~N(0,(nlogy V(t))z), where n
is the proportional constant. The estimated parameter values in
observation error models are summarized in Supplementary Table 3.

Under a symptom-based rule, as a current standard, patients
would be released from isolation after the removal of lesions. For the
timing of lesion clearance, maximum likelihood estimation (MLE) was
used to fit parametric distributions to data on duration between
symptom onset and lesion clearance for 43 mpox patients from the
National Center for Global Health and Medicine (NCGM), Tokyo, Japan
(see Supplementary Note 3). The timing of lesion removal for each
patient was sampled from the best-fitted lognormal distribution (see
Supplementary Fig. 3b and Supplementary Table 4). Additionally, as a
sensitivity analysis, various relationships between individual viral
dynamics and lesion clearance were considered. Specifically, we gen-
erated virtual mpox patient data under a range of possible values of the
correlations between viral dynamics model parameters and the dura-
tion of lesion presence (see Supplementary Note 4). Under a fixed-
duration rule, it was assumed that isolation would end at a specified
time following symptom onset. On the other hand, under testing-
based rules using tests, isolation ended when a given number of con-
secutive test results indicating loss of infectiousness was met with a
given interval between tests. Here, we assumed that patients began to
take tests immediately following symptom onset. To simulate various
situations, we varied the interval between tests (from 1 to 5 days) and
the number of consecutive test results indicating loss of infectiousness
(from 1 to 5 times). To ascertain individuals’ infectious periods, a viral
load threshold of infectiousness was considered. If the viral load of a
patient was above the threshold, the patient was considered as being
infectious (see Supplementary Fig. 18). The threshold values con-
sidered were obtained from studies on viral replication in cell
culture”***, In this study, we set 6.0 loglO copies/ml as the main
assumed infectiousness threshold value. However, this value is still
uncertain and thus we also considered different threshold values from
5.0 to 7.0 loglO copies/ml as sensitivity analyses.

In particular, in the main analysis of testing-based rules, we con-
sidered PCR tests (limit of detection = 2.9 logl0 copies/ml)*, which can
quantitatively measure viral load above the limit of detection to
directly compare the measured viral load against the assumed infec-
tiousness threshold. In this scenario, measured viral load can be used
to determine whether an infected individual may no longer be infec-
tious. Additionally, we considered rapid antigen tests (RATs) with
lesion swabs, with either: 1) high sensitivity (i.e., limit of detection =5.0
logl0 copies/ml, lower than the assumed infectiousness threshold), or
2) low sensitivity (i.e., limit of detection = 7.0 loglO copies/ml, higher
than the assumed infectiousness threshold). Under the testing-based
rules using RATS, negative results correspond to a measured viral load
below the limit of detection.

For the evaluation of different rules, three metrics were com-
puted: (1) risk of prematurely ending isolation, (2) estimated infectious
period after ending isolation, and (3) unnecessarily prolonged isola-
tion period. The first metric gives the probability of releasing patients
while they are still infectious. The second metric is defined as the mean
number of days for which patients remain infectious after they are
released from isolation (defined to be zero for an individual who is no
longer infectious when released from isolation). The third metric gives
the mean difference between the time when patients are no longer
infectious and the time at which their isolation ends® (which is
negative for individuals who are infectious beyond the end of isola-
tion). Specifically, the risk of prematurely ending isolation was

Nature Communications | (2024)15:7112


http://www.lixoft.com

Article

https://doi.org/10.1038/s41467-024-51143-w

computed as

z"’:l >IT)

i=1

2

where / is the indicator function, V; is the predicted viral load of
patient i,7; is the time when isolation of patient i ends, and /T is the
assumed infectiousness threshold. Note that N stands for the number
of virtual mpox patients and is set as 1000 in our analysis. We com-
puted the infectious period after ending isolation by use of the fol-
lowing formula:

NmaxOT—T
Z )

i=

, 3

where 7; indicates the time when the predicted viral load of patient i
drops below the assumed infectiousness threshold. Finally, the unne-
cessarily prolonged isolation period was calculated as

“)

By running 100 simulations (N patients for each simulation), we
reported the mean and 95% confidence intervals for distributions of
those three metrics, respectively. All analyses were conducted using
the statistical computing software R (version 4.2.3).

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

Data availability

The mpox viral load data used in this study are publicly available and
are also available via Zenodo>. Using WebPlotDigitizer-4.6, those data
were extracted from the following publications: Suner et al. (https://
doi.org/10.1016/S1473-3099(22)00794-0), Norz et al. (https://doi.org/
10.1016/j.,jcv.2022.105254), Adler et al. (https://doi.org/10.1016/j.jcv.
2022.105254), Gaspari et al. (https://doi.org/10.1128/jcm.01365-22),
Relhan et al. (https://doi.org/10.1002/jmv.28249), Hornuss et al.
(https://doi.org/10.1016/j.cmi.2022.09.012), and Antinori et al. (https://
doi.org/10.2807/1560-7917.ES.2022.27.22.2200421). The timing of
lesion clearance data for mpox patients used in this study are publicly
available. Those data were obtained from National Center for Global
Health and Medicine (NCGM), Tokyo, Japan. Source data are provided
with this paper.

Code availability

All analyses were performed with the statistical computing software R
(version 4.2.3). The analysis using nonlinear mixed-effects model was
performed on MONOLIX 2023R1 (www.lixoft.com). Our code is pub-
licly available via Zenodo®.
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