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Abstract

Non-pharmaceutical interventions have been implemented intermittently for more than a year
in most countries of the world to mitigate the COVID-19 epidemic. In France, while the vaccination
campaign is progressing, the French government has decided to remove many public health re-
strictions such as business closure, lockdowns, and curfews. Nonetheless, social distancing, mask
wearing, and hand washing (also called barrier gestures) are still recommended. We utilize an
age-structured compartmental SEIR model that takes into account the SARS-CoV-2 waning immunity,
vaccination, and increased transmissibility from variants of concern to estimate if barrier gestures can
be relaxed without causing a resurgence of severe infections. This model assumes that the susceptibil-
ity to infection is a function of immunity status, which depends on initial infection severity and vac-
cination status. It is calibrated on confirmed COVID-19 cases from the French surveillance database,
and accounts for changes in contact behaviors due to the implementation of nation-wide public health
policies. We study the partial and full relaxation of barrier gestures occurring from August to Decem-
ber 2021 under various immunity duration assumptions. Maintaining the application of barrier ges-
tures appears essential to avoid a resurgence of severe infections that would exceed French health care
capacities, while surmounting vaccine hesitancy represents the key to consider their relaxation. Im-
munity duration assumptions significantly influence the short-term dynamic of the epidemic, which
should be considered for further modelling.



1. Introduction

Causing more than 200 million infections and at least 4.4 million deaths worldwide, the
COVID-19 epidemic is a global health, economic, and social crisis. The causative agent,
SARS-CoV-2, emerged in China’s Hubei province in December 2019. Various non-pharmaceutical
measures, in particular lockdown and social distancing, have been implemented around the world to
effectively control the spread of the virus [1,2]. Nevertheless, all of these measures have negative
economic and social consequences, as well as repercussions on the mental health of populations. Con-
siderable efforts in vaccine research have resulted in the development of several effective vaccines
against COVID-19 in a few months. As of 30 August 2021, more than 5 billion doses of the vaccine
have been administered worldwide [3].

Numerous studies have used compartmental models to either estimate the parameters of the epi-
demic dynamics [4,5], measure the impact of social distancing [6-8], or evaluate different vaccine
strategies [9]. Many of these studies assumed that immunity acquired after an infection was definitive.
Indeed, it has been shown that immunity acquired after a first infection protects against reinfection for
at least 6 months [10,11]. Nevertheless, several immunological studies have shown that, following
natural infection, the anti-SARS-CoV2 antibody titer declines over time [12-15] even though it re-
mains detectable in more than 90% of cases at 7 months [14]. A study suggests that anti-SARS-CoV-2
CD4+ and CD8+ specific T cells decline with a half-life of 3 to 5 months [15], while another study
found that they were maintained 10 months post-infection [16]. With regard to other coronaviruses,
reinfections are frequent in the year following a seasonal coronavirus infection (common cold) [17],
while immunity appears to be prolonged after infection with SARS-CoV or MERS [18-20]. Concern-
ing vaccination, a significant trend of the decline in anti-SARS-CoV2 antibodies was demonstrated
with both BNT162b2 and ChAdOx1 nCoV-19 [21]. The latest study endpoint of the BNT162b2 clini-
cal trial suggests that vaccine efficacy against symptomatic infections may decline over time [22].
However, to date, the exact duration of the protection anti-SARS-CoV-2 conferred by an infection or
by vaccination remains unknown. As the epidemic has lasted for more than a year, it seems necessary
to take this parameter into account to model the epidemic. Indeed, several studies have shown that the
future evolution of the epidemic would depend on the duration of immunity, from extinction after a
large epidemic wave to the transition to an endemic mode [23-26].

The French government, similar to many others, has successively implemented many restrictions
in order to mitigate the epidemic, such as travel restrictions, lockdowns, curfews, obligation to work
from home, and the closure of bars, restaurants, cinemas, or schools. In addition to these measures,
barrier gestures have been promoted. These barrier gestures include mask wearing, washing hands
regularly, using single-use disposable tissues, keeping a distance of at least 2 m between individuals,
and avoiding gatherings of more than six people with the aim to reducing human-to-human viral
transmission.



Four vaccines are currently licensed in France: two messenger RNA vaccines (BNT162b2 and
MRNA-1273), and two viral vector vaccines (ChAdOx1 nCoV-19 and Ad26.COV2.S). The vaccina-
tion campaign began on January 2021, targeting first the elderly and the subpopulation with comorbid-
ities at risk for severe COVID-19. The program was then progressively extended to the entire adult
population over a few months, and then to children over 12 years old. As of 24 August 2021, 71.1% of
the French population have received at least one dose of the vaccine, and 62.7% have completed the
vaccination schedule [27].

A French modelling study estimated that it would be necessary to vaccinate 90% of individuals
over 65 years old and 89% of the 18-64 year olds before all social distancing measures could be re-
laxed [28]. This study assumes that immunity does not wane over time, which could lead to an under-
estimation of these thresholds. In addition, Europe is facing the breakthrough of the delta variant,
which is estimated to be 1.97 times more transmissible than the historical strain, and is predicted to
represent 90% of COVID-19 cases in August 2021 [29]. However, the vaccine coverage reached at the
end of the vaccination campaign is uncertain. A survey conducted among the French population esti-
mates that 16% of adults do not want to be vaccinated and that only 74% of parents would agree to
have their child under 17 vaccinated [30]. Finally, because immune responses following vaccination
are lower in the elderly [31], a booster campaign for this population is being considered by the author-
ities.

While the vaccine rollout is progressing, the French government has removed public health re-
strictions, but the application of barrier gestures is recommended [32]. In this study, we aim to esti-
mate the consequences of a barrier gesture relaxation on the evolution of the epidemic in France, tak-
ing into account vaccination, the emergence of variants of concern, in particular, the delta variant, and
waning immunity. In addition, we aim to investigate in a preliminary analysis the impact of a booster
vaccine campaign for the elderly.

2. Materials and Methods
2.1. Model

We used a compartmental age-structured model of COVID-19 infection previously developed
by Childs et al. [33] which is adapted from a model of vaccination and waning immunity applied to
pertussis [34]. A flow diagram of the model is shown in Figure 1 for a single age group. The model is
based on a Susceptible-Exposed-Infected-Vaccinated-Susceptible model structure (SEIVS) with age
structure (i.e., groups 0-4, 5-9,..., 75+ years). As in Childs et al. [33], we use Sin, Ekjm, ljm, and V.. to
denote the number of susceptible, exposed, infectious, and vaccinated individuals in each age group m
(1 £m <16), where i (1 <i<4) denotes immune status, j (2 <j < 4) denotes symptom severity, k (1 <
k < 3) represents stages in the exposed class, and 1 (1 <1< 2) denotes the number of vaccine doses that

individuals have received.
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Figure 1. Schematic of the age-structured SEIVS model for one age group, derived from Childs et al. [33]. Here,

S1, Sy, Sz, and Sy (blue shaded boxes) represent susceptible individuals who are fully susceptible, have some low
and moderate immunity, and full immunity, respectively. I, I3, and 14 (yellow boxes) represent infected indi-
viduals with mild, moderate and severe symptoms, respectively, who will develop some low, moderate, or full
immunity once recovered (yellow lines), respectively. V% and V% represent vaccinated individuals from the S;
classes (1 <i<4) after 1 and 2 doses of vaccine, respectively. Ekj (2 <j <4) represent exposed individuals (in-
fected but not-yet-infectious) with progressive stages k (1 <k < 3) that will experience mild I,, moderate I, and
severe |, symptoms. Susceptible and vaccinated individuals can be infected and move to the exposed classes (red
lines). Immunity gained from infection and vaccination can wane (black lines). Susceptible and vaccinated

classes in the same shade of blue have similar protection.

A full description of the model is available in Childs et al. [33]. Briefly, the base model consists
of an immune continuum, distinguishing four states of susceptibility (fully susceptible (S,), somewhat
immune (S,), moderately immune (Ss), and fully resistant to infection (S,)); three infectious states with
mild (I;), moderate (l3), and severe (l,) symptoms (i.e., infections requiring at least one medical con-
sultation); and three infected but not-yet-infectious states (Ek-,j =234, k=1,23). It is assumed that
individuals of higher immune status are less susceptible to infection than those of lower status.
Co-morbidity statuses by age [35] determine the probability of mild, moderate, and severe symptoms
for each age group. Immunity develops after infection. It is assumed that people with mild, moderate,
and severe symptoms move to immune classes S,, Sz and S, respectively, upon recovery (i.e., the
severity of symptoms is proportional to neutralizing immunity development [14,36-38]). Vaccination
is implemented into the model using a two-dose structure, where compartments V*; and V? denote
those with one and two doses, respectively, where i is the level of susceptibility. It is assumed that two
doses of the vaccine, or one dose of the vaccine administered to individuals in immune states S; and
S4, provide the same level of immunity or protection from infection as S; i.e., full resistance to infec-
tion. Additionally, it is assumed that one dose of the vaccine given to individuals in S; and S, provides
protection similar to states S, and Sz, respectively, where protective efficacies against infection and/or



severe disease decrease with a lower level of immunity. Finally, it is assumed that the immunity

gained from infection or vaccination wanes over time (Figure 1, black lines).

Detailed descriptions of the equations are provided in Appendix A.

2.2. Parameters

Parameter values and references are provided in Table 1.

Table 1. Parameter definitions, values and references for the age-structured SEIVS model.

Parameter Definition Value References
Fixed parameters
a Susceptibility by immune status i oy 0 03 Hypothesis, taken
from Childs et al.
1 0.66 0.33 [33]
Bi Infectivity by infection severity | B, B3 B4 [39]
0.045 | 0.089 | 0.009
Aim Force of infection by immune status i and age m Appendix A Estimated
Crma Contact-rates between individuals in age group m and Described in Section 2.3 [40]
age group a
RO Basic reproductive number 2.9 [4]
Pim Proportion of S going to |; by_ age m and by immune Table S2 [35]
status i
An Population size by age m Table S1 INSEE*
¥i Recovery rate by infection severity j Y2 Y3 Ya Hypothesis
1/5 1/10 1/15
K Rate of progress through the exposed compartments 1/1.5 [41,42,43]
Variable parameters
6lim Vaccination rate by age m and by immune status i for | Described in Section 2.2 VAC-SI**
first dose paragraph 2
6%im Vaccination rate by age m and by immune status i for 128
second dose
® Waning rate of immunity Main Sensitivity [21,22]
analysis analysis
1/1095 | 1/365 | 0
p Vaccine efficacy against infections after 2 doses Main Sensitivity [44,45,46,47]
analysis analysis
0.8 0.9
1l-¢ Vaccine efficacy against infections after 1 dose Main Sensitivity [44,45,46,47]
analysis analysis
0.5 0.7
1-q Vaccine efficacy against severe cases after 1 dose Main Sensitivity [44,45,46,47]
analysis analysis
0.7 0.7

*INSEE = Institut National de la Statistique et des Etudes Economiques. **VAC-SI = Systeme d'Informations

pour le suivi de la VACcination.



Susceptibility is assumed to decrease with increasing immunity, but does not depend on age.
Thus, the susceptibility a of an individual somewhat immune (S;) or moderately immune (S;) corre-
sponds respectively to 1/3 and 2/3 of that of an individual fully susceptible (S,). Infectivity (B) is as-
sumed to vary by the severity of the disease and is chosen to produce a basic reproduction number, RO,
equal to 2.9 [4] using the Next Generation Matrix method [48]. By immunity status, we assume that
the infectivity of individuals with mild (I,) or severe (l,) infections is 0.5 and 0.1 times the infectivity
of moderate infections (I3). Indeed, people with milder symptoms are expected to have lower infectiv-
ity [39]. Simultaneously, more severe disease outcomes are expected to induce behavioral changes that
lower infectivity, such as limiting mobility,. Infectivity is considered in the calculation of the infection
force A, which takes into account the average number of contacts between age classes and the propor-
tion of the population infected and infectious (Appendix A—Model equations). Susceptible individu-
als S;, upon infection, move to the mild, moderate, and severe symptom classes with probabilities p‘}m
for each age group m and each immune status i. These probabilities are determined by the prevalence
of zero, one, and two or more co-morbidities that increase the risk of severe COVID-19 disease within
each age group, informed by [35]. p', is directly derived from these prevalences, whereas p’, and
Psm are modified in order to assume that people in the S,and S;compartments are, respectively, 70%
protected and fully protected against moving to the severe disease class I, (Table S2). The incubation
period lasts on average 4.5 days. Therefore, it is assumed that the progression rates through the
pre-infectious period « is equal to 1/1.5. The contagious period is estimated to last 7 to 8 days
[41,49,50] and depends on symptom severity, with milder disease associated with shorter infectious
periods [51,52]. Thus, we assumed that the recovery rate is respectively equal to 1/5, 1/10, and 1/15
for mild (1,), moderate (I;), and severe infections (l). Given the short period considered, we assume
the absence of natality, mortality, and aging. Finally, we assume that immunity lasts on average 3
years between successive stages, which means that it takes 9 years to pass from a fully resistant to a
fully susceptible compartment. For vaccinated classes, we assume that immunity in V'; wanes to S;,
V%, wanes to S,, and that of all other vaccinated classes wanes to Ss.

Vaccination is implemented from 1 January 2021 and takes into account the different age
groups that are successively eligible in France, starting first from the elderly (Table S3). In order to
take into account vaccine hesitancy, we assume that 10% of the over-75s, 20% of the (20-74) year
olds, and 30% of the (10-19) year olds will not be vaccinated [30]. We determine the first dose vac-
cination rate '; given the desired coverage at the end of each month of the vaccination program. From
January to June 2021, the monthly coverage is derived from the VAC-SI (Systéme d’Informations
pour le suivi de la VACcination) database (Table S4). From July, we assume that 15 million doses
(including first and second doses) will be administrated each month, which corresponds to the average
distribution in the previous 3 months. Monthly coverage is scaled to a daily rate accounting for the
portion of the population in the current vaccine-eligible age groups in each eligible compartment (S,
S,, Sz, and Sy). Individuals receive a second dose 28 days after the first one and acquire immunity
immediately. The vaccine’s efficacy against all infections is assumed to be 50% after 1 dose and 80%



after 2 doses. The vaccine’s efficacy against severe infections is assumed to be 70% after 1 dose. Giv-
en the model architecture, the efficacy against severe infections after 2 doses is equal to the efficacy
against all infections after 2 doses.

In order to take into account the emergence of the variants of concern (alpha, beta, gamma,
and delta), we use the SI-DEP database (Systéme d’Informations de DEPistage), which provides in-
formation about the distribution of these variants among all confirmed COVID-19 cases over time
(Figures S1 and S2). For the delta variant, we assume that it will represent 90% of the reported cases
at the end of August 2021 [29]. We assume that alpha-beta-gamma variants and the delta variant are,
respectively, 50% [53,54] and 97% [55] more transmissible than the historical strain.

2.3. Contact matrices and public health mitigation strategies

Age-specific daily contacts for the French population are obtained from pre-pandemic estima-
tions [40]. The model incorporates the contact-rates, C,, the governmental measures taken to mitigate
the epidemic such as lockdowns, curfews, the closing of schools, businesses, bars, restaurants, or
working from home. The schedule of these governmental measures is available at
https://www.gouvernement.fr/info-coronavirus/les-actions-du-gouvernement [56]. Specific modifica-
tions to the contact matrices are provided in the Supplementary Material (Tables S5-S8).

2.4. Calibration

The model is calibrated using daily reported COVID-19 cases from the SI-DEP da-tabase, from
13 May 2020 to 1 July 2021. SI-DEP is the French surveillance system that gathers all COVID-19
infections confirmed by Polymerase Chain Reaction or antigenic tests at the national level. We assume
that reported COVID-19 cases correspond to all severe cases (14) and 3/5 of the moderate cases (13).
The k-value is the only model parameter that is fit to COVID-19 data, and reflects the population
compliance to barrier gestures. Given that climatic conditions are not implemented in the model, the
k-value also captures part of the influence of the climate on the transmission [57]. This parameter lies
between 0 and 1 (1 being pre-pandemic value; i.e., no barrier gesture ap-plication), and it linearly
scales contact-rates from the contact matrices. Thus, the force of infection A;, depends on the k-value
(Appendix A).

2.5. Barrier gesture relaxation scenarios

After 1 August 2021, we formulate different hypotheses for the relaxation of barrier gestures
based on the evolution of the k-value. The baseline scenario corresponds to no relaxation. For this
scenario, we chose to set the k-value for July—August 2021 to those estimated during the same period
in the previous year, assuming that barrier gestures will be applied at the same level. After August
2021, we maintain the k-value at this level until it is modified to reflect a relaxation scenario.

Different scenarios of barrier gesture relaxation are formulated according to the timing of the re-
laxation (August, September, October, November, or December) and its magnitude (k-value raised to


https://www.gouvernement.fr/info-coronavirus/les-actions-du-gouvernement

0.7,0.8, 0.9, or 1, i.e., the pre-pandemic level). For each relaxation scenario, the k-value set before the
relaxation is identical to the no relaxation scenario. We chose to evaluate the impact of each relaxation
scenario on the evolution of severe cases Iy, i.e., infections requiring at least one medical consultation,
and on the number of prevalent intensive care units’ (ICU) hospitalizations. Due to the fact that our
model does not directly incorporate a hospitalized compartment, we extrapolated the predictive num-
ber of ICU hospitalizations by estimating the mean ratio between the past ICU hospitalizations from
the SI-VIC database (Systéme d’Information pour le suivi des VICtimes d’attentats et de situations
sanitaires exceptionnelles) and the past I, cases.

2.6. Sensitivity analyses

We successively explored a pessimistic immunity duration hypothesis, assuming that immunity
wanes totally over 3 years instead of 9, and an optimistic hypothesis assuming that immunity does not
wane. We also study one scenario without vaccine hesitancy, thus allowing the vaccination of 100% of
each eligible age class, and one analysis with a better vaccine efficacy (Table 1). The model was refit-
ted to estimate the retrospective k-value for all of these analyses except for the no vaccine hesitancy
hypothesis.

Finally, we implemented (crudely) a booster vaccination campaign for people over 75 in order to
estimate the upper bound effect of this strategy. In this analysis, we assumed that on 1 September
2021, a fraction of the people over 75 move from the S compartments to the corresponding V? com-
partments, ultimately returning all 75+ individuals that were previously protected by vaccination back
to the \/? protective classes.

3. Results
3.1. Calibration

Figures 2a and 3 show the k-value (reflecting the population compliance to barrier gestures)
estimation and the model fit from 13 May 2020 to 1 July 2021 for the main analysis, respectively.
Figures showing the k-value and the fit of the model to the data for the sensitivity analyses are shown
in the supplementary material (Figures S3-S5). In addition, Figure 2b plots the reduction in the aver-
age number of contacts for the entire population over time, given the combined effect of the modifica-
tions in the contact matrices and the fitted k-value. We note qualitative similarities between this figure
and the time-dependent transmission rate of COVID-19 in the French population [8].
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Figure 2. (a) Main analysis k-value estimation (reflecting the population compliance to barrier gestures) in
France from 13 May 2020 to 1 July 2021; (b) Main analysis estimation of reduction in the average number of
contacts consecutively to non-pharmaceutical interventions given the combined effect of the modifications in the

contact matrices and the fitted k-value in France from 13 May 2020 to 1 July 2021.
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Figure 3. Main analysis model fit. Daily incidence of severe (l4, solid line), moderate and severe (Is + I,, dotted
line), and all infections (I, + I3 + 14, dashed line) from the model and reported COVID-19 cases from French
surveillance database (red crosses show daily incidence data, red line shows smoothed incidence data) from 13

May 2020 to 1 July 2021 (logarithmic scale).
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3.2. Impact of barrier gesture relaxation, main analysis

The predicted evolution of the severe case I, incidence for each relaxation scenario are
presented in Figure 4 from 1 July 2021. Regardless of the timing, the complete relaxation of barrier
gestures (setting k-value to 1, pink curve) is followed by an epidemic resurgence whose peak
systematically exceeds that of the 2nd and 3rd epidemic waves in France. However, even in the
optimistic scenario of no relaxation (defined as a barrier gesture applying at an equivalent level to that
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Figure 4. Evolution of incident COVID-19 severe cases (l5) in France for each barrier gesture relaxation sce-
nario in the main analysis (i.e., 9 years waning immunity assumption). Relaxation scenarios: k-value (barrier
gesture compliance index) raised either to 0.7, 0.8, 0.9 or 1 in August, September, October, November or De-
cember. Relaxation’s start is indicated by the vertical dashed black line. No relaxation: k-value equal to previous

year estimates at the same period (black line). Prediction starts from 1 July 2021 (vertical red line).

To focus on ICU hospitalizations, we estimated the ratio between ICU hospitalizations (from the
SI-VIC database) and prevalent I, cases in the past history of the pandemic (Figure S7), which is on
average 3.62%. Whatever the scenario (Figure 5), the complete relaxation of barrier gestures leads to a
predicted increase of prevalent ICU hospitalizations, and the peak consistently exceeds French health
care capacities (which is estimated at a maximum of about 5000 ICU beds at the national level [58]).
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each relaxation scenario, assuming that immunity wanes in 9 years. Relaxation scenarios: k-value (barrier ges-
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As expected, people over 75 years old represent the major part of severe infections 1, (Figure
S8). While 90% of the 75+ have been vaccinated at least once by the end of June 2021 (Figure S6),
about 25% of them are fully susceptible in September 2021 (Figure S9) due both to waning immunity
and to the vaccine efficacy hypothesis. Nevertheless, in a sensitivity analysis assuming a 90% vaccine
efficacy against infections after two doses, even though the predicted peak ICU hospitalizations fol-
lowing each relaxation scenario is on average 41.0% lower than in the main analysis, a complete re-
laxation of barrier gestures still overwhelms health care system (Table S10 and Figure S10).

3.3. Impact of immunity duration hypothesis

As shown in Figure 6, our predictions are particularly sensitive to changes in our immunity dura-
tion assumptions. Assuming that immunity completely wanes over 3 years, we find that the ICU hos-
pitalization peak is, on average, 86.1% higher than the same result when a 9-year immunity duration is
assumed. In contrast, ICU hospitalizations peak at an average 46.1% lower when immunity is not al-
lowed to wane (Table S11).
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Figure 6. Peak of Intensive Care Units’ hospitalizations (ICU) predicted in France from July 2021 following
each relaxation scenario, assuming that immunity wanes in 3 years (a), or assuming that immunity does not wane
(b). Relaxation scenarios: k-value (barrier gesture compliance index) raised either to 0.7, 0.8, 0.9 or 1 in August,

September, October, November or December.
3.4. Impact of vaccine hesitancy

In the absence of vaccine hesitancy, the vaccine coverage of at least one dose reaches 100% of
the over 10 years old population at the end of November 2021 (Figure S11 and Table S12). Under this
assumption, ICU hospitalizations peak at, on average, 47.7% lower than in the main analysis, which
includes vaccine hesitancy. This effect is particularly strong for the November and December relaxa-
tion scenarios, for which assuming no vaccine hesitancy reduces the hospitalization peak by about
65% (Table S13). In that case, a complete relaxation of barrier gestures would be possible in Novem-
ber and December 2021 without exceeding the French ICU hospitalization capacities (Figure 7).
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October, November or December.
3.5. Booster campaign

Finally, we explored a crude implementation of a booster vaccination campaign for people over
75 years of age on 1 September 2021. In this analysis, we find a 16.3% average reduction in ICU peak
hospitalization following barrier gesture relaxation (Table S14 and Figure S12). Even though this
analysis is optimistic in that it assumes that all but the vaccine hesitant people over 75+ will receive
their booster dose on this date, this crude implementation of a booster dose allows us to estimate the
best expected benefit from a booster vaccination campaign among the elderly.

4. Discussion

We used an age-structured compartmental model of COVID-19 that takes into account the wan-
ing and boosting of immunity from vaccination and infection [33]. We first showed that, considering
the context of vaccine hesitancy in France and the delta variant breakthrough, maintaining the applica-
tion of barrier gestures appears essential to avoid a resurgence of severe infections that would exceed
French health care capacities. Our study particularly highlighted the influence of immunity duration
assumptions on the future short-term dynamic of the epidemic, which should not be neglected for fur-
ther modelling. In addition, we reasserted the necessity to strengthen the vaccine rollout whereas cur-
rent vaccines are effective (at least for severe disease) against the predominant delta variant [59]. In-
deed, among our sensitivity analyses, the only scenario that would allow a complete barrier gesture
relaxation without overwhelming ICU bed capacities is relaxation occurring from November with a
100% vaccine coverage of the eligible population. Finally, according to our very preliminary analysis,
the strategy consisting of the revaccination of people over 75 would not allow us to relax barrier ges-
tures safely, in particular in the context of vaccine hesitancy. Nevertheless, further modelling is needed
to evaluate more accurately this last statement.



Our work is consistent with other French modelling, having estimated that, given the current
vaccine rollout and the progression of the delta variant, barrier gesture application will be necessary to
maintain severe cases under health care capacities’ limits [60,61]. Nevertheless, our predictions tend to
be more pessimistic. One explication is that we took into account the greater transmissibility of the
delta variant at the level that has been estimated by ECDC [29], whereas these studies explored an
inferior range of effective reproductive numbers. In addition, these studies assumed that the immunity
acquired after an infection or vaccination is definitive. Finally, our model, incorporating contact pat-
terns, takes into account both school re-opening and the recovery of on-site work, which leads to in-
creased transmission rates in September. Similar to our findings, a very high vaccination coverage was
estimated to be required to allow a complete relaxation of control measures [28], and a high vaccine
hesitancy was related to a prolonged need for non-pharmaceutical-interventions [62]. On the other
hand, our work highlighted the influence of the immunity duration on the short-term dynamic of the
epidemic. Few other studies chose to modelling the COVID-19 epidemic incorporating waning im-
munity [23-26,33]. Giannitsarou et al. estimated that given the population turnover, the disease would
become endemic in the long term with recurrent waves, and its magnitude would depend on how fast
immunity wanes [26]. Saad-Roy et al. showed that the shorter immunity duration conferred by vac-
cination, the higher the vaccine coverage required to achieve herd immunity [25].

Measuring the compliance of the population to barrier gestures is challenging. Our model is fit
using a single parameter: the k-value. Due to the fact that we incorporated the changes in contact pat-
terns consequently to governmental measures directly in the contact matrices, this k-value reflects the
population compliance to barrier gestures. Nevertheless, it also incorporates temporal variations in
testing and variations in climatic conditions which influence transmission [8]. However, even though
the detection rate increased significantly during the first months of the epidemic, it remained relatively
stable during our calibration period [63]. Concerning climatic conditions, we estimated in another
modelling study that transmission is increased on average by 10% during the winter period and de-
creased by 22% during the summer period [8]. Due to the fact that we did not account for these varia-
tions, we expect our predictions to be somewhat overestimated in the summer and underestimated in
the winter. However, one can notice that our model indirectly accounts for quarantine using a reduced
transmission rate in the severely infected class 14, and by using reduced contact rates using the
k-value, which can moderate these over- and under-estimations. Another limitation of our model is
that it underestimates vaccine efficacy against severe infections after two doses, assuming that it is
equal to vaccine efficacy against all infections (which is set to 80% in the main analysis). However,
assuming an optimistic 90% vaccine efficacy after two doses against infections and severe cases leads
to similar conclusions with no possibility to fully relax barrier gestures safely. In addition, it ignores
the fact that both mRNA and vectored vaccines have been used in France, which may have different
immunogenicity. Nevertheless, 90% of the administrated vaccines in France are mRNA vaccines, in
great majority BNT162b2 [64], for which we calibrated the model. Thus, we believe it may not have a
significant impact on our results. Also, we did not account for the increased risk of hospitalization



related to the alpha variant compared to the historical strain [65] which could explain that our ICU
hospitalizations/prevalent 14 ratio tends to increase over the calibration period. This could lead to an
underestimation of the ICU hospitalizations rebound. We also did not account for the age-related im-
mune response heterogeneity to the SARS-CoV2 infection and vaccine, which will have to be consid-
ered in the future to investigate more accurately the impact of a booster vaccination campaign among
the elderly. Finally, although it would require more data on the dynamic of the epidemic at a finer
level and individual mobility data, the extension of this work from a national to a regional or local
level, in the line of Viguerie et al. work [66], could be considered. This would be particularly interest-
ing with respect to the questions of removing the barrier gestures locally when incidence is low, or
vaccination uptake is high.

In conclusion, while the durability of immunity provided by an infection or by vaccination re-
mains uncertain, we provide an insight on the predictable dynamic of the epidemic in France assuming
that immunity wanes. To date, maintaining the application of barrier gestures seems unavoidable in the
French context as to not overwhelm health care capacities. While the possibility of a booster campaign
among the elderly is being considered, scientific evidences on its potential benefit are lacking.
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Appendix A

Our model tracks age, infection and immune status. Susceptible individuals of status i and age m
are denoted by Sim. Infectious individuals of symptom severity j and age m are denoted by Ijm. In-
fected but not-yet-infectious individuals of symptom severity j, age m and stage k are denoted by
Ekjm. Vaccinated individuals of initial immune status i, age m and dose | are denoted by VIim. Pa-
rameter descriptions are found in Table 1 in the main test. The system of ODEs for age group m is
given by the following set of equations:
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Supplementary materials
Table S1. Size of the population in each age group from INSEE French census (Institut National de la Statistique

et des Etudes Economiques) as of January 1%, 2021.

Age class Size
[0;4] 3,671,719
[5:9] 4,084,036

[10:14] | 4,187,992
[15:19] | 4,140,996
[20:24] | 3,757,482
[25:29] | 3,713,426
[30:34] | 4,056,469
[35:39] | 4,231,788
[40:44] | 4,072,226
[45:49] | 4,512,223
[50:54] | 4,425,730
[55:559] | 4,359,376
[60:64] | 4,099,662
[65:69] | 3,899,944
[70:74] | 3,477,098
>175 6,373,536
Total 67,063,703
Table S2. Proportions of mild (p%), moderate (p*y) and severe (p“,) infections by age m (1 <m < 16) and by

susceptibility status i (1 <i<4).

Age class pzlm pslm p41m
[0;4] 0,985 | 0,014 | 0,001
[5;9] 0,979 | 0,020 | 0,001

[10;14] 0,976 | 0,023 | 0,001
[15;19] 0,960 | 0,038 | 0,003
[20;24] 0,930 | 0,065 | 0,005
[25;29] 0,900 | 0,091 | 0,009
[30;34] 0,874 | 0,112 | 0,014
[35;39] 0,848 | 0,132 | 0,020
[40;44] 0,808 | 0,162 | 0,030
[45;49] 0,766 | 0,191 | 0,043
[50;54] 0,710 | 0,227 | 0,064
[55;59] 0,622 | 0,281 | 0,098
[60;64] 0,527 | 0,331 | 0,143
[65;69] 0,435 | 0,367 | 0,197
[70;74] 0,348 | 0,390 | 0,262




| =75 | 02180364 | 0418]
p'ymare directly informed by Clark et al. [1].

Age class Pom P’am D*2m
[0;4] 0,9969 | 0,0028 | 0,0003
[5;9] 0,9960 | 0,0037 | 0,0003

[10;14] 0,9956 | 0,0042 | 0,0003
[15;19] 0,9923 | 0,0078 | 0,0009
[20;24] 0,9853 | 0,0133 | 0,0015
[25;29] 0,9774 | 0,0200 | 0,0027
[30;34] 0,9692 | 0,0266 | 0,0042
[35;39] 0,9602 | 0,0338 | 0,0060
[40:44] | 0,9457 | 0,0453 | 0,0090
[45;49] 0,9284 | 0,0588 | 0,0129
[50;54] 0,9030 | 0,0789 | 0,0192
[55;59] 0,8609 | 0,1108 | 0,0294
[60;64] 0,8084 | 0,1498 | 0,0429
[65;69] 0,7470 | 0,1930 | 0,0591
[70;74] | 0,6795 | 0,2419 | 0,0786

>75 0,5274 | 0,3472 | 0,1254
plmare calculated assuming that p%m = p%m + (1-0.5%0.3)p1m, p*om = 0.7*p*m + 0.5%0.3*p%,, and
p'om = 0.3%p" 1.

Age class Pam Pam p*m
[0;4] 0,985 | 0,015 | 0,000
[5:9] 0,979 | 0,021 | 0,000

[10;14] | 0,976 | 0,024 | 0,000
[15;19] 0,960 | 0,041 | 0,000
[20;24] 0,930 | 0,070 | 0,000
[25;29] 0,900 | 0,100 | 0,000
[30:34] 0,874 | 0,126 | 0,000
[35:39] 0,848 | 0,152 | 0,000
[40;44] 0,808 | 0,192 | 0,000
[45:49] 0,766 | 0,234 | 0,000
[50:54] 0,710 | 0,291 | 0,000
[55:59] 0,622 | 0,379 | 0,000
[60:64] 0,527 | 0,474 | 0,000
[65:69] 0,435 | 0,564 | 0,000
[70;74] 0,348 | 0,652 | 0,000

>75 0,218 | 0,782 | 0,000
Pamare calculated assuming that p%m = p?um, Pam = P*im + PPimand psm = 0.




Table S3. Eligible age classes to vaccination by month in the model.

Month Eligible age class Month Eligible age class
January >75 July >10
February >75 August >10
March >60 September >10
April >50 October >10
May >20 November >10
June >10 December >10

Table S4. Vaccine coverage with at least one dose at the end of each month informed by vaccination French
database VAC-SI (Systéme d'Informations pour le suivi de la VACcination).

Month Vaccine coverage with at least one dose at the end of each month (%)
January 2.45
February 4.60
March 12.22
April 23.63
May 38.85
June 50.64

Figure S1. Proportion of alpha, beta or gamma Variants Of Concern (VOC) infections among all COVID-19
infections from French surveillance database SI-DEP (Systeme d'Informations de DEPistage) and Santé Publique
France surveys from January 2021 to May 2021.



Figure S2. Proportion of delta Variant Of Concern (VOC) infections among all COVID-19 infections from

French surveillance database SI-DEP (Systeme d'Informations de DEPistage) from May 2021 to July 2021 and

from ECDC’s (European Centre for Disease Prevention and Control) projections from July to August 2021.

Table S5. Contact matrices for pre-pandemic contacts at home, at school, at work and other contacts in France,

provided by Prem et. al [2].
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0,071064
0,117409
0,083446
0,064345
0,048044
0,073379
0,067932

0,113034

0,12955
0,312856
2,505921
0,987959
0,252517
0,125116
0,098644
0,137317
0,133008
0,171282
0,097191
0,100325
0,049635
0,134391
0,036831

0,190623
0,109453
0,206428
0,605197
1,593821

0,70375
0,330466
0,234417
0,245897
0,182393
0,312061
0,242813
0,210947
0,144551
0,124321
0,080415

0,287716
0,214681
0,172536
0,279758

0,62267

0,88757
0,480173
0,406634
0,291815

0,22377
0,391509
0,404515
0,320841
0,223139
0,179175
0,106128

0,346709
0,2733
0,207677
0,184743
0,384748
0,526248
0,62795
0,530645
0,419986
0,286147
0,299175
0,437103
0,345277
0,294537
0,192428
0,210116

0,338489 0,234633
0,345402 0,299103
0,282532 0,333989
0,251656 0,263827
0,290762 0,231479
0,400917 0,274421
0,510084 0,328597
0,735539 0,525019
0,516326 0,573295
0,363672 0,357179
0,330171 0,382468
0,412624  0,41284
0,470832  0,41564
0,300319  0,29264
0,304729 0,365257
0,191881 0,187383

0,170371

0,14732
0,217512
0,240537
0,276742
0,254707
0,257376
0,345444
0,357911
0,375306
0,438002
0,298282
0,345055
0,238548
0,282239
0,238243

0,214966
0,123148
0,149173
0,113363
0,175452
0,224766
0,272532
0,245835

0,25638
0,304886
0,359199
0,456976
0,325992
0,275224
0,240968
0,181391

0,208538
0,148272
0,107785
0,065412
0,135016
0,140037
0,228553
0,226396
0,140133
0,162199

0,33071
0,495798

0,46949
0,346345
0,279666
0,203428

0,161568
0,160718

0,08828
0,055955
0,063394
0,064387
0,122083
0,226892
0,154903
0,134615
0,234526
0,374599
0,476478
0,383277
0,537069
0,224651

0,120728
0,104148
0,079298
0,044238
0,042305
0,041678
0,077394

0,13801
0,095672
0,077554
0,112724
0,183981
0,305696
0,293799

0,42586
0,263519

0,084797
0,055309
0,063044
0,029544
0,051882
0,029247
0,043692
0,091157
0,081612
0,077503
0,083306
0,114336
0,240407
0,174542
0,440137
0,257358

0,048645
0,049799
0,066149
0,023918

0,04984
0,017978
0,049512
0,043993
0,042024
0,072987
0,068495
0,075718
0,123039
0,127017
0,195697
0,212948




Table S6. Definitions of perturbation matrices for contacts at school (S), at work (W) and other contacts (O).

Perturbation Definitions
matrices

S2 School closure or national vacations

S3 Zone A vacations

S4 Zones A and C vacations

S5 Zones B and C vacations

S6 Zone B vacations

01 Closure of bars/restaurants, cinemas/theatres, non-essential businesses and travels
restriction < 3 hours to < 20km from home (2™ and 3" lockdowns)

02 Closure of bars/restaurants, cinemas/theatres, non-essential businesses and strict travels
restriction < 1 hours a < 1km (1* lockdown)

03 Closure of bars/restaurants, cinemas/theatres and curfew

w1 Obligatory to work from home if feasible (2™ and 3" lockdowns)

W2 Strict obligatory to work from home, lay-off if not feasible (1* lockdown)

W3 Recommendation to work from home

Zone A: academies of Besancon, Bordeaux, Clermont-Ferrand, Dijon, Grenoble, Limoges, Lyon and Poitiers/
Zone B: academies of Aix-Marseille, Amiens, Caen, Lille, Nancy-Metz, Nantes, Nice, Orléans-Tours, Reims,
Rennes, Rouen and Strasbourg/ Zone C : academies of Créteil, Montpellier, Paris, Toulouse and Versailles

Table S7. Percentage reduction in contacts by each perturbation matrices for contacts at school*, at work and
other contacts.

Perturbation Percentage reduction in Percentage reduction in Percentage reduction in
matrices contacts at school contacts at work other contacts

S2 -95%

S3 -24%

S4 -50%

S5 -67%

S6 -44%

01 -40% under 65
-70% over 65

02 -90% under 65
-95% over 65

03 -20% under 65
-50% over 65

w1 -40%

W2 -710%




W3

-30%

*For contacts at school, we weighted the percentage reduction in contacts at school for each zone’s vacations

according to the population’s size in each zone

Table S8. Application periods of perturbation matrices for contacts at school (S), at work (W) and other contacts
(0).

k-value

0.8

06

04+

0.2

0

Jun-19

date

(@)

Start End S O W Start End SO W
01/01/2020 12/03/2020 0 O O 04/04/2021 06/04/2021 2 3 1
12/03/2020 14/03/2020 2 0 0 06/04/2021 26/04/2021 2 1 1
14/03/2020 17/03/2020 2 3 0 26/04/2021 03/05/2021 0 1 1
17/03/2020 02/06/2020 2 2 2 03/05/2021 12/05/2021 0 1 3
02/06/2020 22/06/2020 2 0 3 12/05/2021 16/05/2021 2 1 3
22/06/2020 04/07/2020 0 0 3 16/05/2021 18/05/2021 0 1 3
04/07/2020 01/09/2020 2 0 3 18/05/2021 20/06/2021 0 3 3
01/09/2020 17/10/2020 0 0 3 20/06/2021 06/07/2021 0 O 3
17/10/2020 30/10/2020 2 0 3 06/07/2021 01/09/2021 2 0 3
30/10/2020 01/11/2020 2 1 1 01/09/2021 23/10/2021 0 O O
01/11/2020 15/12/2020 0 1 1 23/10/2021 08/11/2021 2 0 O
15/12/2020 19/12/2020 0 3 3 08/11/2021 18/12/2021 0 0 O
19/12/2020 04/01/2021 2 3 3 18/12/2021 01/01/2022 2 0 O
04/01/2021 06/02/2021 0 3 3 01/01/2022 07/02/2022 0 0 O
06/02/2021 13/02/2021 3 3 3 07/02/2022 14/02/2022 3 0 O
13/02/2021 22/02/2021 4 3 3 14/02/2022 21/02/2022 5 0 O
22/02/2021 01/03/2021 5 3 3 21/02/2022 28/02/2022 4 0 O
01/03/2021 07/03/2021 6 3 3 28/02/2022 07/03/2022 6 0 O
07/03/2021 04/04/2021 0 3 3 07/03/2022 01/04/2022 0 0 O
e
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Figure S3. Calibration’s plot for the 3 years immunity duration analysis. (a) K-value estimation from May 13",
2020 to July 1%, 2021; (b) Model fit (logarithmic scale) from May 13", 2020 to July 1%, 2021 to reported
COVID-19 cases from French surveillance database (SI-DEP-Systéeme d'Informations de DEPistage).
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Figure S4. Calibration’s plot for the no waning immunity analysis. (a) K-value estimation from May 13", 2020
to July 1%, 2021; (b) Model fit (logarithmic scale) from May 13", 2020 to July 1%, 2021 to reported COVID-19
cases from French surveillance database (SI-DEP-Systeme d'Informations de DEPistage).
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Figure S5. Calibration’s plot for the 9 years waning immunity analysis with a better vaccine efficacy. (@)
K-value estimation from May 13", 2020 to July 1%, 2021; (b) Model fit (logarithmic scale) from May 13", 2020
to July 1% 2021 to reported COVID-19 cases from French surveillance database (SI-DEP-Systéme

d'Informations de DEPistage).
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Figure S6. Proportion of the population vaccinated with at least one dose by age class, taking into account

vaccine hesitancy.

Table S9. Proportion of the population vaccinated with at least one dose and vaccinated with 2 doses at the end

of each month taking into account vaccine hesitancy.

Month Proportion vaccinated Proportion vaccinated
with 1 or 2 doses (%) with 2 doses (%)
January 14 0.4
February 2.7 1.6
March 10.6 4.7
April 20.9 12.3
May 34.4 23.3
June 49.1 34.4
July 50.9 441
August 57.1 50.1
September 66.2 57.2
October 73.3 65.4
November 73.3 69.1
December 73.3 70.3
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Figure S7. Ratio between intensive care units’ (ICU) hospitalizations from SI-VIC database and prevalent I,
cases from September 1%, 2020 to May 31", 2021. SI-VIC = Systéme d’Information pour le suivi des VICtimes

d’attentats et de situations sanitaires exceptionnelles.
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Figure S8. Prevalent severe cases I, by age class in the no barrier gesture relaxation scenario, assuming that
immunity wanes in 9 years (main analysis).
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Figure S9. Proportion of fully susceptible individuals (S;) in each age class in the no barrier gesture relaxation
scenario, assuming that immunity wanes in 9 years (main analysis).
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Figure S10. Peak of Intensive Care Units’ hospitalizations (ICU) predicted in France from July 2021 following
each relaxation scenario assuming a better vaccine efficacy. Relaxation scenarios: k-value (barrier gesture
compliance index) raised either to 0.7, 0.8, 0.9 or 1 in August, September, October, November or December.
Better vaccine efficacy = 70 and 90% vaccine efficacy against infections after 1 and 2 doses, respectively.



Table S10. Average variation of intensive care units’ (ICU) hospitalizations peak predicted following each
relaxation scenario assuming a better vaccine efficacy compared to the predictions obtained in the main
analysis*.

. . . Average variation of ICU peak
Vaccine efficacy hypothesis . .
compared to main analysis** (%)

70% and 90% vaccine efficacy against infections after 410
respectively 1 and 2 doses '

*Main analysis = 50 and 80% vaccine efficacy against infections after 1 and 2 doses, respectively.
*Average value of the peak of ICU hospitalizations predicted following each relaxation scenario (k-value elevated to 0.7, 0.8,

0.9 or 1 in August, September, October, November and December).

Table S11. Average variation of intensive care units’ (ICU) hospitalizations peak predicted following each
relaxation scenario for each hypothesis of immunity duration compared to the predictions obtained in the 9 years
immunity duration analysis (main analysis).

Hypothesis of immunity Average variation of ICU peak
duration compared to main analysis* (%)
3 years immunity duration +86.1
No waning immunity -46.1

*Average value of the peak of ICU hospitalizations predicted following each relaxation scenario (k-value elevated to 0.7, 0.8,

0.9 or 1 in August, September, October, November and December)
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Figure S11. Proportion of the population vaccinated with at least one dose by age class assuming no vaccine
hesitancy.



Table S12. Proportion of the population vaccinated with at least one dose and vaccinated with 2 doses at the end
of each month assuming no vaccine hesitancy.

Month Proportion vaccinated Proportion vaccinated
with 1 or 2 doses (%) with 2 doses (%)
January 14 04
February 2.7 1.6
March 10.6 4.8
April 21.0 12.4
May 34.5 23.4
June 50.2 34.5
July 52.4 45.0
August 60.2 52.1
September 72.7 61.3
October 87.6 72.4
November 92.4 83.2
December 924 87.4

Table S13. Average variation of intensive care units’ (ICU) hospitalizations peak predicted following each
relaxation scenario assuming no vaccine hesitancy compared to the main analysis with vaccine hesitancy.

. Average variation of ICU peak
Month of relaxation . .
compared to main analysis* (%)

August -30.0
September -34.1
October -44.9
November -63.0
December -66.5

*Average value of the peak of ICU hospitalizations predicted following each relaxation scenario (k-value elevated to 0.7, 0.8,

0.9 or 1 for each month of relaxation)
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Figure S12. Peak of Intensive Care Units’ hospitalizations (ICU) predicted in France from July 2021 following
each relaxation scenario assuming a booster vaccination campaign on the September 1%, 2021 for the 75+.
Relaxation scenarios: k-value (barrier gesture compliance index) raised either to 0.7, 0.8, 0.9 or 1 in August,
September, October, November or December.

Table S14. Average variation of intensive care units’ (ICU) hospitalizations peak predicted following each
relaxation scenario assuming a booster vaccination campaign on the September 1%, 2021 for the 75+ compared to
the main analysis without booster.

Average variation of ICU peak
compared to main analysis* (%)

Booster vaccination campaign for the 75+ -16.3

*Average value of the peak of ICU hospitalizations predicted following each relaxation scenario (k-value elevated to 0.7, 0.8,

0.9 or 1 in August, September, October, November and December)
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