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Many European countries have responded to the COVID-19 
pandemic by implementing nationwide protection measures 
and lockdowns1. However, the epidemic could rebound when 
such measures are relaxed, possibly leading to a requirement 
for a second or more, repeated lockdowns2. Here, we present 
results of a stochastic agent-based microsimulation model of 
the COVID-19 epidemic in France. We examined the poten-
tial impact of post-lockdown measures, including physical 
distancing, mask-wearing and shielding individuals who are 
the most vulnerable to severe COVID-19 infection, on cumu-
lative disease incidence and mortality, and on intensive care 
unit (ICU)-bed occupancy. While lockdown is effective in con-
taining the viral spread, once lifted, regardless of duration, 
it would be unlikely to prevent a rebound. Both physical dis-
tancing and mask-wearing, although effective in slowing the 
epidemic and in reducing mortality, would also be ineffective 
in ultimately preventing ICUs from becoming overwhelmed 
and a subsequent second lockdown. However, these mea-
sures coupled with the shielding of vulnerable people would 
be associated with better outcomes, including lower mortality 
and maintaining an adequate ICU capacity to prevent a second 
lockdown. Benefits would nonetheless be markedly reduced if 
most people do not adhere to these measures, or if they are 
not maintained for a sufficiently long period.

The COVID-19 pandemic is a major global health threat. Owing 
to lack of a vaccine or an effective treatment, many European 
countries have responded with non-pharmaceutical interventions 
(NPIs) to diminish viral transmission by reducing contact rates1. 
These measures include physical distancing; wearing a face cov-
ering when outside the home; closing schools, churches, bars and 
other social venues, as well as all stores except grocers and phar-
macies; screening symptomatic people and their contacts; and full 
population lockdown. Countries in which these interventions were 
implemented early in the epidemic have experienced diminished 
incident case numbers and reduced peak healthcare demand and 
deaths. However, the epidemic could rebound when these measures 
are relaxed2, as only a limited proportion of the European popula-
tion will have been infected3, leading to the possibility of second or 
even multiple repeated lockdowns. Such measures impose harmful 
burdens on the population and the global economy4, and are dif-
ficult to tolerate for extended periods5. Therefore, the evaluation 
of alternative NPIs that could be implemented when lockdown is 
lifted to potentially avoid a second epidemic peak and lockdown is 
urgently needed6,7.

On 17 March 2020, France ordered a general lockdown, asking all 
non-essential retailers and services to close, and the general popula-
tion to stay confined at home and to adhere to physical distancing 
when outside the home. These measures reduced case counts and 
strain on the healthcare system, and the lockdown was lifted on 11 
May. In France, as in many other countries where lockdowns have 
been ordered, there is intense debate over which post-lockdown 
strategies should be implemented to avoid an epidemic rebound. 
Model-based predictions of the public-health impact of competing 
NPIs on the epidemic course can help inform policy decisions.

We present results of a stochastic agent-based microsimula-
tion (ABM) model8,9 of the COVID-19 epidemic in France. We 
projected the potential impact of competing NPIs on the cumu-
lative incidence of the disease and mortality, and on ICU-bed 
occupancy. Specifically, we evaluated lockdown extension from 8 
to 16 weeks and post-lockdown measures, including physical dis-
tancing, mask-wearing and shielding of the population at risk for 
severe COVID-19 infection. Because of several uncertainties that 
determine virus-transmission risk, such as number of undiagnosed 
asymptomatic cases and contamination risk6, the analysis followed 
recommendations for improving predictive mathematical models 
of the COVID-19 pandemic10 and was based on a calibration that 
accounts for several disease-transmission parameters within con-
straints defined by the contact matrix and known disease param-
eters. A summary of the main findings, limitations and implications 
of the model is shown in Table 1. Detailed information on study 
design is included in the Reporting Summary.

The model calibrated well, based on a visually good fit between 
observed and model-predicted daily ICU admissions, ICU-bed 
occupancy, daily mortality and cumulative mortality, as confirmed 
by R² and Pearson’s R estimates, which were higher than 0.87 and 
0.93, respectively, except for daily ICU admissions. Similarly, the 
model validated well prospectively, based on a visually good fit 
between observed and model-predicted daily ICU admissions, 
ICU-bed occupancy, daily mortality and cumulative mortality 
between 15 April and 15 May, as confirmed by R² and Pearson’s R 
estimates, which were higher than 0.80 and 0.90, respectively (Fig. 
1 and Supplementary Table 1). The Cochran–Mantel–Haenszel 
test comparing observed and model-predicted age distribution of 
deceased people was non-significant (χ² = 0.34, P = 0.55). The R0 
of COVID-19 observed in the model at the date of the lockdown 
was 3.1, consistent with findings of a review11 suggesting that R0 
estimates would fall between 1.40 and 6.49, with a median of 2.79. 
Furthermore, we projected about 10.9% (uncertainty range (first to 
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last quartile), 9.4–12.5%) would have been infected by 11 May, in 
line with, albeit slightly higher than, estimates from a prior study 
conducted in France3.

Lockdown is highly effective at containing viral spread, but we 
projected that it would be unlikely by itself to prevent a second 
epidemic peak once lifted, regardless of its duration. On the basis 
of our model, the duration of lockdown alone (8 or 16 weeks) was 
not associated with a reduced cumulative COVID-19 incidence or 
mortality, resulting in a similar, albeit delayed, overwhelming of 
ICUs, likely to lead to a second lockdown (Extended Data Fig. 1 and 
Supplementary Table 2).

We found that maintaining physical distancing after the end of 
the lockdown would be associated with substantial slowing of the 
epidemic, as shown by a flattening of the cumulative incidence 
curve, and a 33% decrease in cumulative mortality, after 8-week 
lockdown (Fig. 2 and Supplementary Table 2). Combining physical 
distancing and mask-wearing further flattened the epidemic curve 
and was associated with a 47% reduction of mortality compared 
with that associated with the absence of post-lockdown protection 
measures. However, although effective in slowing the epidemic and 
in reducing mortality, we found that this combination of measures 
might also be ineffective in preventing a second epidemic peak, 
likely to result in ICU-bed capacity being exceeded and lead to a 
second lockdown.

We projected that shielding at-risk people until the end of the 
epidemic (estimated in our model at 38 weeks after the lifting of 
lockdown with this scenario), in addition to post-lockdown physi-
cal distancing and mask-wearing, would be associated with sub-
stantial slowing of the epidemic, as shown by a strong flattening 
of the cumulative incidence curve and a substantial decrease in 
mortality of 62% compared with that with post-lockdown physi-
cal distancing and mask-wearing only, and of 80% compared with 
that with absence of specific post-lockdown measures (Fig. 3 and 
Supplementary Table 2).

Combining these three interventions would prevent overwhelm-
ing of ICU capacity and would substantially reduce mortality, but 
only if the interventions were maintained for a sufficiently long 
period and were adhered to by most people. For example, interrupt-
ing the shielding of vulnerable people at 16 weeks after the lifting of 
lockdown or having only 50% of the vulnerable population shielded 
would result in a substantially lower decrease in mortality and an 
increased risk of ICU overwhelming than would a continued shield-
ing of all vulnerable people (Fig. 4 and Supplementary Table 2).

Individually varying each model parameter value by ±20% would 
change the cumulative incidence by at most 4,000 per 100,000 peo-
ple, mortality by 10 per 100,000 and ICU-bed occupancy by 25 per 

100,000, suggesting the robustness of our results (Extended Data 
Figs. 2 and 3).

Sensitivity analyses examining the impact of varying values 
of parameters with the greatest uncertainty, including contami-
nation risk, proportion of undiagnosed cases, and the efficacy of 
masks showed that coupling physical distancing and mask-wearing 
with the shielding of vulnerable people would lead to better out-
comes than without shielding. These include decreased incidence, 
mortality and ICU-bed occupancy (Extended Data Figs. 4–6 and 
Supplementary Table 3).

We have proposed an ABM of the epidemic of COVID-19 in 
France to predict the potential impact of different post-lockdown 
measures on the course of the epidemic. The model calibrated and 
validated well, and variation of the values of individual model param-
eters by ±20% had little impact on outcome estimates. While lock-
down is a highly effective means of containing viral spread, it would 
by itself regardless of duration be unlikely to prevent a rebound 
and the need for a second lockdown. Adhering to both physical 
distancing and mask-wearing would be effective in slowing down 
the epidemic and in reducing mortality, but might be insufficient 
to prevent an overwhelming of ICU-bed capacity. However, these 
measures, when coupled with shielding vulnerable people, could be 
associated with better outcomes than such measures without shield-
ing, including a lower cumulative incidence, mortality and number 
of ICU beds needed, that are sufficient to prevent an overwhelming 
of ICU-bed capacity and a second lockdown. Benefits would none-
theless be substantially reduced if the measures were not applied by 
most people or not maintained for a sufficiently long period. When 
varying values of parameters with the greatest uncertainty, such as 
contamination risk, proportion of undiagnosed cases, or efficacy  
of masks in multiple sensitivity analyses, this strategy was quite 
effective in reducing incidence, mortality and ICU-bed occupancy 
in all scenarios.

Coupling NPIs with shielding vulnerable people would be asso-
ciated with better outcomes than implementing physical distanc-
ing and the wearing of masks alone. Improved outcomes include a 
lower mortality and number of ICU beds needed, such that enough 
beds would be available to avoid triggering a second lockdown. 
Specifically, mortality would be reduced up to 80% if this scenario 
were applied by 100% of vulnerable people until the end of the epi-
demic compared with mortality following the absence of specific 
measures after lifting the lockdown.

In our study, shielding implied that vulnerable individuals, 
although having to stay home except for grocery shopping, could see 
their family at home but with protection measures, including physi-
cal distancing and mask-wearing. Because prolonged lockdowns  

Table 1 | Policy summary

Background Many European countries have responded to the COVID-19 threat by nationwide implementation of protection measures and 
lockdown; however, even assuming that population immunity will build up through the epidemic, rebound could occur once these 
measures are relaxed, possibly leading to a second or multiple repeated lockdowns. We built a stochastic ABM model of the 
COVID-19 epidemic in France to assess the potential impact of different post-lockdown measures to avoid an epidemic rebound, 
including physical distancing, mask-wearing and shielding those who are most vulnerable to severe COVID-19 infection.

Main findings and 
limitations

While lockdown is effective in containing the viral spread, once lifted, regardless of duration, it would be unlikely to prevent a 
rebound. We show that although physical distancing and mask-wearing are effective in slowing the epidemic and in reducing 
mortality, these measures alone would insufficient to prevent overwhelming ICUs and a second lockdown. However, when coupled 
with shielding of vulnerable people, implementation of these measures would be associated with better outcomes, including 
lower mortality and maintaining an adequate ICU capacity. Benefits would nonetheless be reduced if these measures were not 
adhered to by most people or not maintained for a sufficiently long period. Our model relies on existing knowledge and current 
assumptions, as all modeling studies do. Specifically, it is likely not capturing all components driving viral transmission, which 
might behave differently than before lockdown.

Policy implications Our findings indicate that post-lockdown physical distancing and wearing of masks for the whole population, coupled with 
continued shielding of vulnerable people, could lower mortality and prevent the need for a second lockdown in France.
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are associated with increased risks of psychological and medical 
complications5,12, we believe that our less-stringent strategy would 
have increased likelihood of being followed by most individuals, 

while ensuring there is adequate protection of the vulnerable popu-
lation, whose proportion is estimated at more than three out of ten 
people in France. However, it is crucial to provide a clear rationale 
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for and information about these measures, to appeal to altruism by 
reminding people of the benefits to wider society and individual 
responsibility and to provide sufficient medical resources and ade-
quate healthcare access.

By slowing down viral spread down in the vulnerable population 
to a greater extent than in the healthier population, our results sug-
gest that most infected people would likely be individuals who are at 
lower risk of developing severe or critical symptoms13, and would be 
adequately treated since ICU capacity would not be overwhelmed, 
even during the peak incidence. In the absence of an effective and 
safe vaccine, an emphasis should be placed on policies that protect 
the most-vulnerable population in the hopes that herd immunity14 
will be achieved in the less vulnerable people as a byproduct of such 
measures, although this is not the ultimate goal. Indeed, the con-
sequences of herd immunity are serious, as a substantial fraction 
of the less-vulnerable population would need to become infected 

before reaching the end of the epidemic, estimated by our model at 
38 weeks after the lockdown lifting if all individuals adhere to physi-
cal distancing and mask-wearing.

Our study has several limitations. First, as with all modeling 
studies, we rely on existing knowledge and current assumptions. 
Specifically, our model is likely not capturing all components driv-
ing viral transmission, which might behave differently after than 
before lockdown. For example, changes in the force of virus trans-
mission due to seasonality, which might not depend only on direct 
effect of climate variables (that is, humidity and temperature), are 
not included in the model7,15. Second, the model was calibrated on 
the diagnosis and mortality rates available from Santé Publique 
France and Institut Pasteur. However, these parameters might 
be underestimates, as asymptomatic undiagnosed patients are  
likely responsible for a large hidden epidemic. Nevertheless, the 
observed differences across scenarios remained consistent across 
sensitivity analyses, supporting the robustness of our conclusions. 
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Third, following standard assumptions, we considered that infected 
people could develop immunity for at least several months. However, 
post-COVID-19 immunity length remains unknown. Fourth, the 
impact of many mitigation measures depends on how people react 
and adhere to them, which is likely to vary across segments of the 
populations. Finally, our results should not be interpreted as abso-
lute numbers but rather as differences in trends according to the 
mitigation measures applied16.

SARS-CoV-2 represents a major public-health threat in France 
and worldwide. Post-lockdown physical distancing and wearing 
of masks for the whole population, coupled with shielding of vul-
nerable people, could substantially lower mortality and prevent a 
second lockdown. If these measures are adhered to by most people 
and maintained for a sufficiently long period, they might provide 
time for herd immunity to become progressively established in the 
less-vulnerable population, in the absence of an effective vaccine.
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Methods
Agent-based model (ABM). Following previously described methods9,16, we 
built a stochastic ABM model of the COVID-19 epidemic in France. Agent-based 
models place equal emphasis on real data and modeling9. ABM models designed 
for infectious diseases include three key components: (1) a realistic synthetic 
population generated with demographic characteristics and household structure 
representative of the studied population, (2) a social contact network among 
the individuals in the population, each with a geolocalized activity sequence 
over the day, taking into account co-location probability and duration, and (3) 
a disease model, which translates the edge weights in the social contact network 
into infection probability of the edge over the day9. This framework includes a 
flexible individual-based approach that can capture an emergent phenomenon 
with complex interactions between individuals in an heterogeneous population9. 
It allows policymakers to define measures at the individual and societal level, 
especially when they have to deal with limited understanding of the disease and 
the uncertainty of the effects of the measures, as is the case for the COVID-19 
epidemic, and epidemiologists to describe the characteristics of the disease 
pathogen and simulate the infectious-disease evolution on a realistic synthetic 
population9.

The model included 194 parameters related to French population 
characteristics (n = 140), social contacts (n = 33) and SARS-CoV-2 characteristics 
(n = 21), summarized in Supplementary Table 4. Parameter values on population 
characteristics were based on data from the French National Statistical Institute 
(INSEE) and Santé Publique France. Parameters related to social contacts were 
based on prior studies (n = 11) or assumptions when no data were available 
(n = 22). Finally, parameters on disease characteristics were based on data from 
Institut Pasteur and London Imperial College, except for two unknown key 
parameters of the epidemic: contamination risk and proportion of undiagnosed 
COVID-19 cases, which were simultaneously estimated through model calibration. 
Source code for the model has been deposited in a recognized public source code 
repository (GitHub, https://github.com/henrileleu/covid19).

Individuals’ characteristics. The model was built to reproduce household 
composition and age structures of the French general population. Households 
were distributed on a square grid representing a geographical area approximating 
France. Based on age- and sex-stratified national estimates, all individuals were 
attributed a probability of having one or multiple conditions increasing the risk 
of severe SARS-CoV-2 infection13, including obesity, diabetes, chronic cardiac 
diseases and chronic respiratory diseases. Individuals aged over 65 years or 
those with a least one of these conditions were considered to be at higher risk of 
developing severe COVID-19 infection13. On the basis of the age distribution and 
national estimates of these conditions in France included in our model, this group 
would represent 36.4% of the French general population, including 21.0% aged 
over 65 years and 15.4% of younger people having at least one of these conditions 
(Supplementary Fig. 1).

Social contacts. Given the complexity of modeling social contacts, we simplified 
contacts at both individual and household levels to model different types of social 
contacts experienced during the day17. Social contacts included close contacts for 
a prolonged duration with a small number of individuals, such as intrafamilial 
contacts, or people met at school or work. They also comprised less-frequent 
and less-prolonged contacts with a finite set of individuals, such as friends or 
extended family members. Finally, they included brief contacts with individuals in 
centralized locations, such as grocery shopping, or in more remote locations, such 
as when using public transport. Contacts were defined by their average duration 
(in minutes), their average distance (in meters), their frequency and the number of 
individuals involved18–21.

For intrafamilial contacts, it was assumed that their average duration was 6 h 
per day at a 1-m distance every day for all household members. For contacts at 
school, outside the lockdown period during which these contacts were considered 
null, average duration was 6 h at an average 2-m distance, 5 d per week, for all 
classmates. Classmates were identified as children of the same age living in a 
similar location to represent the geographic clustering of schools. It was assumed 
that the average class size was 30 students.

For contacts at work, outside the lockdown period during which these contacts 
were considered null, average contact duration with colleagues was assumed to 
be 7.5 h at a 2-m distance, 5 d per week. Only employed individuals aged 20 to 
65 years had work-related contacts. We distinguished between small companies 
with ten or fewer employees and regular or large ones. Individuals working in 
small companies had two colleagues on average, while employees of regular or 
large companies had an average of ten colleagues. The number of colleagues was 
randomly drawn from a Poisson distribution. Work colleagues were identified at 
random within the city grid.

For friends and family contacts, outside the lockdown period during which 
these contacts were considered null, it was assumed that the average duration 
was 180 min at a 1-m distance, with 1 meeting each week on average. Outside the 
lockdown period, it was also considered that friend and family contacts occurred 
between households, for example, a couple with children could visit a friend’s or 
grandparent’s household.

Social networks were created on the basis of methods described by Gilbert 
et al.22 with a distance of 22 (Poisson distributed) in order to incorporate key 
aspects of social networks, such as the different sizes of personal networks, high 
clustering, positive assortment of degree of connectivity and low density.

Individuals were considered to visit the closest grocery store from their 
location 1.2 times per week, and to meet an average of 5 people (Poisson 
distributed). Grocery stores were uniformly distributed throughout the city grid 
on the basis of grocery stores’ density in France, estimated at 29.3 per 100,000 
inhabitants. Outside the lockdown period, contacts when going out of the home 
were limited to cultural activities such as museum, sport, music or cinema events. 
It was assumed that contacts in restaurants or bars were captured through the 
friend and family contacts. The average number of times the family went out per 
year (Poisson distributed) was based on ticket sales’ from the French Ministry of 
Culture. Attendance at any public event was associated with a 120-min duration 
at a 2-m distance with an average of 5 individuals (Poisson distributed) randomly 
identified in the city grid. Finally, for public transport, we considered that all 
individuals used public transport 1.7 times per week for shopping or seeing family 
or friends. Workers were assumed to use public transport five times a week, twice 
a day (Poisson distributed). During public transport, a 30-min average duration 
at a 1-m distance from a mean number of 3–5 individuals (Poisson distributed) 
randomly identified in the city grid was assumed.

It was also considered that the first patients with COVID-19 were individuals 
infected via international travel. Thus, outside the lockdown period, individuals 
could become infected through international contacts over time at a rate based on 
the frequency of infected patients that were initially diagnosed in France.

SARS-CoV-2 characteristics. SARS-CoV-2 characteristics were based on reports 
from Santé Publique France, Institut Pasteur and the London Imperial College.

Two key uncertainties about COVID-19 are the proportion of infected 
individuals that are not diagnosed and the risk of contamination. These parameters 
were simultaneously estimated through model calibration, based on daily mortality 
data until 15 April, the cumulative number of cases diagnosed on 15 April and 
the assumption of a cumulative incidence (diagnosed + undiagnosed) of 1 in 100 
diagnosis rate.

That assumption was based on a recent study3 suggesting a high number of 
undiagnosed infections and projecting 2.8 million (range, 1.8–4.7) people, that is 
4.4% (range: 2.8–7.2) of the general population, will have been infected by 11 May 
in France.

The risk of contamination was assumed to be highest at the onset of symptoms 
and to decrease with time. To take into account the risk of transmission before 
developing symptoms23, it was assumed that infected individuals were contagious 
starting one day after infection, albeit with a contagiousness that decreases 
exponentially the further away from onset. An exponential function was chosen 
because it fitted well with the dynamics of viral replication, based on these 
assumptions. Individuals who recovered were assumed to have acquired immunity 
against the virus and were no longer at risk of infection.

It was assumed that individuals with no or light symptoms (such as stomach 
pain or nausea) were not diagnosed, except if they were traceable contacts (that 
is, intrafamilial, work, school) of diagnosed patients, and that all individuals with 
mild, severe or critical symptoms were diagnosed. To reflect these assumptions, 
among infected individuals, the probability of being asymptomatic or lightly 
symptomatic in the model was set at 95% in children below age 10, since very 
few children have been diagnosed with COVID-19, and was assumed to decrease 
linearly with age. The slope of this decrease was calibrated to show a cumulative 
incidence (diagnosed + undiagnosed) of 1 in 100 diagnosis rate.

The probabilities of hospital admission (in case of severe symptoms), ICU 
admission (in case of critical symptoms) and death were obtained from data from 
Institut Pasteur and a recent large cohort study13. The probabilities of ICU admission 
and death were stratified by age and adjusted for comorbidities, including obesity, 
diabetes, chronic cardiac diseases and chronic respiratory diseases, based on hazard 
ratios calculated using data from Institut Pasteur and a recent large cohort study.

Delays between infection, symptom onset, hospital admission, ICU admission, 
death and recovery are detailed in Supplementary Table 4. Delays were randomly 
assigned based on the Weibull distribution.

The number of ICU beds needed over time was compared with the number of 
ICU beds available in France, estimated at about 5,300 beds before the epidemic. 
However, following healthcare system reorganization, the number of ICU beds has 
reached a total of 14,000 ICU beds in April. Because patients may require intensive 
care for other reasons than COVID-19 (for example, stroke, myocardial infarction), 
we considered that excess ICU-bed occupancy corresponds to full occupancy of 
newly created ICU beds (that is, 8,700 beds or 14 ICU beds per 100,000 people), 
and that the maximum number of ICU beds available for patients with critical 
symptoms of COVID-19 is 19 ICU beds per 100,000 inhabitants, assuming that 
they occupy 100% of newly created ICU beds and 75% of pre-existing ICU beds 
(that is, 12,675 ICU beds). Patients requiring ICU-level care with no available beds 
were assumed to have a 100% probability of dying.

Outcomes. Outcomes included cumulative incidence, cumulative mortality and 
number of ICU beds needed.
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Interventions. In all scenarios, we reproduced protection measures that have 
been implemented in France from the beginning of the epidemic until 17 May. 
These measures included a general lockdown period from 17 March to 11 May, 
during which individuals had no contacts with other people, except prolonged 
contacts with intrafamilial members living in the same house and brief contacts 
with individuals at random in grocery stores and in streets. Restrictions for school, 
work and public transport were lifted on 11 May. Based on opening statements 
from the French government, we considered that (1) restaurants and bars, and 
museums will remain closed until 2 June, and (2) attendance at cinemas and 
public events will be authorized on 22 July. We took into account efforts to trace 
contacts of diagnosed patients. All intrafamilial, friend and family, work and school 
contacts of a diagnosed patient in the previous days were assumed to have been 
tested with reverse transcription with PCR (RT–PCR) after an average delay of 2 
d, representing the delay of the investigation. During this delay, infected contacts 
could further spread the infection. On the basis of prior work24, the sensitivity 
of RT–PCR to detect COVID-19 cases was considered to be 71%. People met in 
grocery stores or in public transports were assumed to be untraceable. Finally, 
given the uncertainty of the efficacy of masks for preventing COVID-19 (ref. 25), 
we assumed that risk of transmission would be decreased by 47% if all individuals 
were wearing masks, based on a recent meta-analysis on the efficacy of masks in 
preventing respiratory virus transmission among non-healthcare workers26. On the 
basis of the transmission equation used in the model (that is, risk of being infected 
= 1 – (1 – probabilitytransmission / distance2)duration of contact), we estimated that physical 
distancing (that is, keeping at least 2 m apart) would decrease transmission risk by 
an average of 30%, and that both measures would reduce risk multiplicatively by 
63% (ref. 26).

We successively examined the following scenarios, using a ‘stepped care’ 
approach:

 (1) The natural course of the epidemic if no lockdown had been ordered.
 (2) Two durations of lockdown: the duration in France (8 weeks) and 16 weeks.
 (3) Post-lockdown protection measures for all individuals, including physical 

distancing and mask-wearing.
 (4) Post-lockdown shielding of individuals at risk of severe SARS-CoV-2 infec-

tion, that is, individuals aged over 65 years or having a comorbidity, including 
obesity, diabetes, chronic cardiac diseases and chronic respiratory diseases. 
Shielding implied that individuals always stayed home except for grocery 
shopping, could see their family at home but with protection measures (that 
is, physical distancing and masks), and did not attend any gatherings. We also 
evaluated effects of the duration of this intervention and the proportion of 
vulnerable people shielded on medical outcomes.

Calibration. Of 194 model parameters, 192 were estimated from the literature 
(n = 170) or by assumption (n = 22), and 2 parameters, contamination risk (per min 
per m2 of contact) and proportion of undiagnosed cases, could not be estimated 
and were therefore calibrated. Calibration fits the value of the calibrated parameters 
to best reproduce the observed epidemic. We used the Nelder and Mead simplex 
method9 to calibrate these two parameters simultaneously, based on daily mortality 
data until 15 April with a loss function based on the Kolmogorov–Smirnov 
statistic, the cumulative number of cases diagnosed on 15 April and the assumption 
of a ratio of diagnosed/undiagnosed cases of 1 in 100, with a loss function based 
on the geometric distance. The algorithm was stopped after 300 iterations or if the 
loss function fell under a minimum value. The calibration process was repeated 
30 times with different initial values to check for local minimums. The calibration 
process included strategies in place in France prior to 15 April, including contact 
tracing followed by a general lockdown on 17 March. Because the initial phase of 
an epidemic is largely dependent on stochastic factors, calendar dates were aligned 
to the date of the lockdown by using the cumulative number of diagnosed cases at 
this date as a reference.

Statistical analyses. The stochastic ABM was run for 360 d on 500,000 individuals. 
The results were based on an average of 200 simulations. Analyses were 
performed on 17 May using data for model parameters until 15 April. Results 
were extrapolated to the French population of 67 million people. We provided 
uncertainty measures by using 200 bootstrap samples based on the random 
variation of all non-calibrated parameters simultaneously, either within a 95% 
confidence interval for parameters estimated from the literature or within a ±20% 
interval if the parameter was assumed.

First, we examined whether the model had adequate calibration, that is, 
whether it was able to adequately reproduce retrospectively the 15 April daily ICU 
admissions, ICU-bed occupancy, daily mortality and cumulative mortality. Next, 
we examined whether the model had adequate validation. This involved whether it 
was able to predict prospectively, daily from 15 April until 15 May, ICU admissions, 
ICU-bed occupancy and mortality, and cumulative mortality, using data from 
before 15 April for estimating model parameters. We also tested the difference 
between model-predicted and observed age distribution among deceased people, a 
parameter not included in the model during the calibration. Finally, we compared 

the proportion of the population infected on 11 May and the approximated value 
for the basic reproduction number (R0) of COVID-19 observed in the model on 17 
March, with estimates from prior published reports3,11.

In our model, the value for the R0 COVID-19 was approximated using the 
observed average number of new individuals infected by each single infected 
individual from the beginning of the epidemic until 17 March (representing about 
30 d in the model). The numbers of infected and infecting people were estimated 
using the model.

For both calibration and validation, model-predicted and observed daily 
ICU admissions, ICU-bed occupancy, daily mortality and cumulative mortality 
were compared using R², Pearson’s R and visual comparison of the curves. For 
validation, model-predicted and observed age distribution among deceased people 
were compared using a Cochran–Mantel–Haenszel test and visual comparison.

We examined the robustness of our results by evaluating the impact on 
outcomes of varying successively individual parameter values by ±20%, without 
recalibrating the model. Given the uncertainty of the two calibrated parameters 
and of the efficacy of masks, we performed sensitivity analyses and evaluated the 
impact of varying values of these parameters on the predicted epidemic course. 
The choice of the parameter values is based on the results of a recent meta-analysis 
on the efficacy of masks in preventing respiratory virus transmission among 
non-healthcare workers26. We used the numbers at the upper and lower end of the 
95% confidence interval reported by that meta-analysis, corresponding to 36% and 
79% risk reduction. These analyses are detailed for the intervention ‘post-lockdown 
physical distancing and mask-wearing for the general population’ and ‘shielding of 
at-risk individuals in addition of physical distancing and mask-wearing’.

Data were collected using Microsoft Excel. The model was performed using 
C++ and statistical analyses were conducted using SAS software version 9.4. The 
threshold for statistical significance was a priori fixed at two-sided P < 0.05.

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

data availability
Population demographics, data on social contacts and on SARS-CoV-2 
characteristics and observed data for COVID-19 incidence, mortality and 
ICU-bed occupancy in France are available from the publicly available data of 
French National Statistical Institute (INSEE) (https://insee.fr/fr/accueil), Santé 
Publique France (https://www.santepubliquefrance.fr/), Institut Pasteur (https://
www.pasteur.fr/fr), London Imperial College (https://www.imperial.ac.uk/) and 
Ministère des Solidarités et de la Santé (https://drees.solidarites-sante.gouv.fr/
etudes-et-statistiques/) for the year 2020, Direction Générales des Entreprises 
(DGE) (https://www.entreprises.gouv.fr/) for the year 2018 and Ministère de la 
Culture for the year 2015 (https://www.culture.gouv.fr/).

Code availability
The source code of the model has been deposited in a recognized public source 
code repository (GitHub, https://github.com/henrileleu/covid19).
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Extended Data Fig. 1 | Model-predicted cumulative incidence a, mortality b, and number of ICU beds needed c, by lockdown duration. the dotted lines 
represent the uncertainty range (first to last quartile) stemming from the uncertainty in the parameter values.
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Extended Data Fig. 2 | Impact of varying by +/-20% individual model parameter value for the effect of post-lockdown physical distancing and 
mask-wearing for the general population on cumulative incidence a, cumulative mortality b, and ICU-bed occupancy c. Only the 10 parameters having the 
highest impact are presented.
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Extended Data Fig. 3 | Effect of varying by +/-20% individual model parameter value on cumulative incidence a, cumulative mortality b, and ICU-bed occupancy 
c, for the difference between the strategies ‘post-lockdown physical distancing and mask-wearing for the general population, and shielding of at-risk individuals’ 
and ‘post-lockdown physical distancing and mask-wearing for the general population’. Only the 10 parameters having the highest impact are presented.
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Extended Data Fig. 4 | Impact of fixing the parameter value of masks’ efficacy at 21% a, c, e, and 64% b, d, f, instead of 47% as in the main analysis, on 
cumulative incidence (a, b), cumulative mortality (c, d), and number of ICU beds needed (e, f). the dotted lines represent the uncertainty range (first to 
last quartile) stemming from the uncertainty in the parameter values.
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Extended Data Fig. 5 | Impact of assuming that the risk of contamination is reduced by 50% a, c, e, and 80% b, d, f, on cumulative incidence (a, b), 
cumulative mortality (c, d), and number of ICU beds needed (e, f). the dotted lines represent the uncertainty range (first to last quartile) stemming from 
the uncertainty in the parameter values.
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Extended Data Fig. 6 | Impact of assuming a diagnosis rate (that is the number of undiagnosed cases for each diagnosed case) of 1 in 50 a, c, e, and 1 in 
200 b, d, f, instead of 1 in 100 as in the main analysis, on cumulative incidence (a, b), cumulative mortality (c, d), and number of ICU beds needed (e, f). 
the dotted lines represent the uncertainty range (first to last quartile) stemming from the uncertainty in the parameter values.
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Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
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