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Abstract

Background Given the widespread implementation of COVID-19 vaccination to mitigate the pandemic from the end
of 2020, it is important to retrospectively evaluate its impact, in particular by quantifying the number of severe out-
comes prevented through vaccination.

Methods We estimated the number of hospitalizations, intensive care unit (ICU) admissions and deaths directly
averted by vaccination in France, in people aged > 50 years, from December 2020 to March 2022, based on (1)

the number of observed events, (2) vaccination coverage, and (3) vaccine effectiveness. We accounted for the effect
of primary vaccination and the first booster dose, the circulating variants, the age groups, and the waning of vaccine-
induced protection over time.

Results An estimated 480,150 (95% Cl: 260,072-582,516) hospitalizations, 132,156 (50,409-157,767) ICU admissions
and 125,376 (53,792-152,037) deaths were directly averted by vaccination in people aged > 50 years, which corre-
sponds to a reduction of 63.2% (48.2-67.6), 68.7% (45.6-72.4) and 62.7% (41.9-67.1) respectively, compared to what
would have been expected without vaccination over the study period. An estimated 5852 (2285-6853) deaths were
directly averted among the 50-59 years old, 16,837 (6568-19,473) among the 60-69 years old, 32,136 (13,651-36,758)
among the 70-79 years old and 70,551 (31,288-88,953) among the > 80 years old.

Conclusions The vaccination campaign in France considerably reduced COVID-19 morbidity and mortality, as well
as stress on the healthcare system.
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Background

Following its emergence in Wuhan, China, in Decem-
ber 2019, the coronavirus disease 2019 (COVID-19),
caused by severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), quickly spread around the globe.
In France, the pandemic has caused more than 160,000
deaths in hospitals and nursing homes and heavily
impacted the healthcare system, with more than one mil-
lion hospitalizations and more than 150,000 admissions
in intensive care units (ICU), as of 23 March 2023. Dur-
ing the first year of the pandemic, non-pharmaceutical
interventions such as lockdowns and curfews were the
primary means to control the spread of the disease [1].
These interventions proved effective at reducing trans-
mission [1-4] but came with considerable economic
costs and broader impact on society. The quick develop-
ment of highly effective vaccines against severe forms of
disease [5], available by the end of 2020, has brought an
alternative means to mitigate the pandemic.

In France, four different vaccines were initially used,
two mRNA vaccines (Pfizer/BioNTech BNT162b2 and
Moderna mRNA-1273) and two viral vector vaccines
(Oxford/AstraZeneca ChAdOx1-S and Johnson & John-
son Ad26.COV2.S). The two mRNA vaccines were the
most widely used in France and required a two-dose
schedule for primary vaccination. The French vaccination
campaign started in December 2020, first targeting high-
risk populations such as the elderly people in nursing
homes and healthcare workers. It was then progressively
extended to larger groups of the population, to finally tar-
get the whole adult population in May 2021. Due to wan-
ing of vaccine-induced immunity, a first booster dose was
recommended from September 2021 onwards, followed
by a second booster in March 2022 for high-risk groups.
As of 23 March 2023, more than 90% of the adult popula-
tion has received a full primary vaccination, and 75% has
received the first booster dose.

Given the widespread deployment of COVID-19 vac-
cination, it is important to retrospectively evaluate its
impact, in particular by quantifying the number of severe
outcomes prevented through mass vaccination. A few
studies have estimated the impact of COVID-19 vaccina-
tion in terms of averted morbidity and mortality [5-9].
One study provided estimates specific to France [6]. This
study covered the period December 2020—November
2021, focusing on the number of deaths averted by the
primary series (no booster) in people aged 60 years and
above, and it assumed that vaccine effectiveness (VE) was
the same for Alpha and Delta variants, for all age groups,
and that there was no waning of protection over time.

The objective of our study was to estimate the number
of hospitalizations, ICU admissions and deaths averted
by vaccination in France between December 2020 and
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March 2022, during the most acute phase of the pandemic
when there was concern that circulation of SARS-CoV-2
in France might saturate hospitals. The study covered the
periods of circulation of Alpha, Delta and Omicron BA.1
variants. Although Omicron BA.1 was reported to be less
severe than Delta [10], it was responsible for a large epi-
demic wave in France between December 2021 and March
2022, due to an increased transmissibility [11]. This was
also the period during which the first booster dose was
introduced in France. It was thus important to quantify the
impact of vaccination on severe outcomes during the Omi-
cron period. We focused on the population aged 50 years
and above, which was the most affected by severe COVID-
19 in France: this population accounted for 80% of hospi-
talizations and 99% of deaths. As vaccine effectiveness can
vary with age and variant [12], we stratified the analysis in
order to account for different values of VE according to age
groups and variants. In addition, we improved the meth-
odology usually applied for this type of study by account-
ing for the waning of vaccine protection over time. This
new methodological development could be useful in vari-
ous settings (e.g. other countries or diseases), in particu-
lar when the mean delay since vaccination is long or the
decline of vaccine protection is fast.

Methods

Study design

We conducted a retrospective ecological study based on
French national surveillance data (see Data sources), from
December 28, 2020 (week 53—-2020 — start of the vaccina-
tion campaign) to March 6, 2022 (week 9-2022 — end of
Omicron BA.1 wave). The study population was the French
population aged 50 years and above, stratified into four age
groups: 50-59, 60—69, 70-79 and 80 years old and above.
We estimated the impact of the first and second doses of
primary vaccination and the first booster, in terms of the
number of averted hospitalizations (admissions to all types
of hospitalization services), ICU admissions and deaths.

Methods

To compute the number of averted events, we used a
method initially developed for tuberculosis [13], which
was later applied to influenza [14, 15] and more recently
to COVID-19 [6, 7]. Details are given in Additional file 1:
Text S1. Basically, the number of averted events (N,yerted)
can be estimated from the number of observed events
(Nobserved)> vaccine coverage (VC) and vaccine effective-
ness (VE), as follows:

VC x VE

Naverted = Nobserved X m (1)

where the term VC x VE represents the proportion of the
population that is protected by vaccination. This method
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only accounts for the direct effects of vaccination on
severe outcomes (not its indirect effects such as impact
on transmission) and therefore provides a lower bound
estimate of the true number of averted events. Besides,
in a scenario without vaccination, it is probable that addi-
tional control measures would have been implemented,
which we do not account for here (i.e. we estimate the
impact of vaccination under the assumption that the
same NPIs would have been implemented over the study
period). These two points will be further addressed in the
discussion.

This formula can be extended to account for the
week of observation (w) and the number of doses
received (k, ranging from one to three (two doses and
one booster)) [6, 15]:

S 31 VCy X VEx
1~ (k=1 VCuik x VEK)

()
where VC represents the vaccine coverage of exactly k
doses (not at least k doses).

This formula assumes that VE is the same for all
vaccinated individuals, regardless of the time elapsed
since vaccination. However, VE is not constant over
time: it quickly increases in the first weeks follow-
ing vaccination due to the build-up of immunity and
declines over time due to waning immunity [16-19].
In order to account for the evolution of VE according
to the time elapsed since vaccination (A) in weeks, we
modified the formula as follows:

N, avertedw — {Vobservedw X

Sie1 a0 VPuka X VEra

1- (22:1 ZZ;%) VPw,k,A X VEk,A)
®3)

where VE A is the vaccine effectiveness of the k™ dose A
weeks after vaccination, and VP, A represents the pro-
portion of people who received their last dose k exactly A
weeks before the week of observation w. Of note, the sum
of VP, kA over all A corresponds to the vaccine coverage
of exactly k doses on week w (ZX;E VP kA = VCyi)

This formula was applied separately for each age
group and each variant, in order to account for dif-
ferent VE according to age groups and variants. The
total number of events directly averted by vaccina-
tion (number of hospitalizations, ICU admissions and
deaths) was then obtained by summing the number of
averted events over all weeks, age groups and variants.
All analyses were conducted in R software version
4.1.2 (R Foundation, Vienna, Austria).

Navertedw = Nobservedw X

Data sources
For the number of observed events, we relied on hos-
pitalization and death data from the SI-VIC database,
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maintained by the ANS (Agence du Numérique en Santé)
and sent daily to Santé publique France, the French
national public health agency. This database provides
real-time data on patients hospitalized for COVID-19
in French public and private hospitals, including their
age, date of hospitalization, type of hospitalization ser-
vices and outcome (discharged/deceased). All COVID-
19 cases are either biologically confirmed or present
with a computed tomographic image highly sugges-
tive of SARS-CoV-2 infection. For hospitalizations, we
included patients hospitalized in all types of services
(general wards, ICU, long-term care and rehabilitation,
emergency care...) and excluded patients hospitalized for
reasons not linked to a COVID-19 infection. For deaths,
we included all patients deceased in the hospitals with
a COVID-19 infection and added individuals deceased
in nursing homes (resident homes for elderly) with a
COVID-19 infection from the SurvESMS database. The
SurvESMS database, administered by Santé publique
France, was designed for the monitoring of COVID-19
cases and deaths among the residents of nursing homes;
it allows the distinction between residents who died in
nursing homes from those who died in hospitals (already
accounted for in the SI-VIC database). In the absence of
data on age, individuals were considered 80+ years old;
this assumption was based on 2019 data which showed
that the mean age of people deceased in nursing homes
was 89 years old [20]. Deaths at home could not be
accounted for. The time series of hospitalizations, ICU
admissions and deaths according to each variant were
reconstructed using the SI-DEP database, the national
surveillance system describing SARS-CoV-2 RT-PCR and
antigen test results arising from all private and public
French laboratories (see details in Additional file 1: Text
S2). The three databases (SI-VIC, SurvESMS and SI-DEP)
are intended to be exhaustive.

Regarding vaccine coverage, we used the VAC-SI data-
base, the national information system developed by the
French Health Insurance to monitor the implementa-
tion of COVID-19 vaccination campaigns, since the start
of vaccine distribution in December 2020, across the
country. Individual data include the number of doses,
the date of vaccination, the type of vaccine, and socio-
demographic information such as age. All types of vac-
cine were considered (Pfizer/BioNTech BNT162b2,
Moderna mRNA-1273, Oxford/AstraZeneca ChAdOx1-
S and Johnson & Johnson Ad26.COV2.S). For each
week of observation w and each age group, the number
of vaccinated individuals according to the number of
doses received before the week of observation w and to
the week of vaccination (in order to compute the time
elapsed since vaccination, A) were extracted. For each
individual, on a given week of observation w, only the last
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dose received before that week was taken into account,
to avoid counting the same person twice: e.g. when an
individual received a second dose on week w, they were
no longer counted among the first-dose individuals from
week w onwards (they were only counted among the first-
dose individuals up to week w — 1). We excluded indi-
viduals for which the date of the first dose was posterior
to the date of the second dose or the booster dose, or the
date of the second dose was posterior to the date of the
booster. For the denominator (number of individuals per
age group in the French population), we used 2022 demo-
graphic data from the National Institute of Statistics and
Economic Studies (INSEE).

With regards to the effectiveness of COVID-19 vac-
cines against COVID-19 variants, we extracted data
from a recent VE study conducted by Santé publique
France [12]. The study investigated VE of the two mRNA
vaccines Pfizer/BioNTech BNT162b2 and Moderna
mRNA-1273 against Alpha (unpublished data), Delta
and Omicron BA.1 severe outcomes (general ward hos-
pitalizations and ICU/deaths) among immunocom-
petents>50 years old French individuals, between
January 11, 2021, and February 10, 2022. Analyses were
performed according to 50-79 and 80 years old and
above age groups, and the number of vaccine doses (one
dose, two doses and the first booster dose). VE accord-
ing to time since vaccination were also estimated. These
estimates were smoothed to remove random fluctuations
over time.

Note that VE against Omicron severe outcomes were
sourced from multiple studies available in the literature:
the aforementioned French study for VE of the first dose
against ICU/deaths [12], a test-negative case—control
study in England for VE against hospitalizations among
people aged 65 years and older (which we applied to our
50+ population) [21], and a test-negative case—control
study in Canada for VE of the second dose and booster
against deaths among people aged 18 years and older
(which we applied to our 50 + population) [16].

In these three studies, the date associated to an individ-
ual is the date of the test or the date of symptom onset. In
order to account for the time between the test or symp-
tom onset and the event of interest (hospitalization, ICU
admission or death), we applied a lag of 1 week to VE
against hospitalization and ICU admission and a lag of
two weeks to VE against death. Finally, a linear decay of
VE was assumed to account for the waning of immunity
at longer time horizons. The decay values were extracted
from the literature and set to—0.5 points/week for the
second dose after 21 weeks [22, 23] and — 0.4 points/week
for the booster dose after 21 weeks [24]. In the absence
of data from the literature for the first dose, we applied
a coefficient twice higher than for the second dose (-1

Page 4 of 12

point/week). This coefficient was applied from the 13th
week after vaccination [25]. In order to estimate uncer-
tainty around the number of averted events, we used the
95% confidence intervals of VE estimates published in the
three aforementioned studies [12, 16, 21].

Results

Data description

Number of observed events

Over the study period (December 28, 2020, to March 6,
2022), 279,443 hospitalizations, 60,186 admissions in
ICU and 74,690 deaths were observed in France among
the population aged 50 years and above. During the first
five months of the study period, the Alpha variant was
the main circulating variant, reaching a peak of 9731
weekly hospitalizations in March 2021 (Fig. 1). It was
then replaced by the Delta variant, with a first peak of
3349 weekly hospitalizations in August 2021 and a second
peak of 5074 weekly hospitalizations in December 2021.
Omicron BA.1 emerged in November 2021 and quickly
replaced Delta to reach a peak of 8845 weekly hospitali-
zations in January 2022. People aged 80 years and older
represented 38.8% (108,399) of hospitalizations, 12.8%
(7,677) of ICU admissions and 64.4% (48,088) of deaths
(Fig. 1). The most represented age group in ICU admis-
sions was the 60—69 years old, with 20,175 (33.5%) ICU
admissions.

Vaccine coverage

In total, 25,152,788 people aged 50 years and above
received at least one vaccine dose against COVID-19
over the study period and met our inclusion criteria
(Additional file 1: Fig. S1). Vaccine coverage of at least
one dose reached 10% in week 8—2021 and 92.1% at the
end of the study period (week 9-2022) (Additional file 1:
Fig. S2). Vaccine coverage of at least two doses reached
10% in week 12—-2021 and 89.5% at the end of the study
period. After the vaccination campaign for the first
booster was launched in week 35-2021, vaccine coverage
for this booster dose progressively increased and reached
79.2% at the end of the study period.

Vaccine effectiveness

Figure 2 presents the values of VE that were used in
our study (based on estimations extracted from sources
described in Methods and presented in Additional file 1:
Tables S1, S2 and S3). Overall, VE quickly increased in
the first weeks following vaccination, reached a plateau
and then decreased over time. In general, it was higher
(1) for a higher number of doses, (2) for 50-79 years old
compared to 80 years old and above (when data by age
was available), (3) for Alpha and Delta compared to Omi-
cron, and (4) for ICU admissions and deaths compared
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to hospitalizations. For instance, regarding protection
against ICU admissions and deaths, the maximum VE of
one dose for the Alpha variant was 80% for 50-79 years
old vs 68% for 80 years old and older (5-12 weeks after
vaccination), and decreased to 30% vs 20% 62 weeks after
vaccination. For Delta, VE against ICU admissions and
deaths among the 50-79 years old was high for all doses
(maximum >98%) and decreased to 47%, 75% and 82%
62 weeks after vaccination with the first dose, the second
dose and the first booster, respectively. With respect to
Omicron, VE of the booster dose against hospitalizations
peaked at 91%, followed by a decline to 67% 62 weeks
after vaccination, while VE of the booster dose against
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Fig. 1 Number of observed COVID-19 events by age and variant: A hospitalizations by age, B intensive care unit (ICU) admissions by age, C deaths
by age, D reconstructed hospitalizations by variant, E reconstructed ICU admissions by variant, F reconstructed deaths by variant. *At the beginning
of the time period, for simplification purposes, all cases were attributed to the Alpha variant although the historical strain was still circulating (see
Additional file 1: Text S2)

ICU admissions and deaths was 98% 2 to 12 weeks
after vaccination and decreased to 78% 62 weeks after
vaccination.

Estimated number of directly averted events

Overall, we estimated that 480,150 (95% CI: 260,072—
582,516) hospitalizations, 132,156 (50,409-157,767)
ICU admissions and 125,376 (53,792-152,037) deaths
have been directly averted by vaccination in people
aged >50 years, which corresponds to a reduction of
63.2% (48.2-67.6), 68.7% (45.6-72.4) and 62.7% (41.9—-
67.1) respectively, compared to what would have been
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expected without vaccination (sum of observed and
averted events).

The impact of the vaccine campaign was already sub-
stantial by the end of April 2021 with 4906 averted
deaths, and increased along with increased vaccine cov-
erage (Fig. 3). The highest number of averted events was
estimated in December 2021-March 2022 (Delta/Omi-
cron wave), due to the high number of observed events
combined with the high vaccine coverage for the first
booster dose during this time period. The estimated per-
centage of averted events was 21.7%, 20.4% and 19.1% for
hospitalizations, ICU admissions and deaths respectively
during the circulation of the Alpha variant. This percent-
age increased to 79.7%, 81.2% and 78.3% for Delta and
74.7%, 85.4%, and 83.2% for Omicron (Additional file 1:
Tables S4, S5 and S6).

When stratifying the analysis by age, we estimated that
the percentage of hospitalizations averted by vaccina-
tion increased from 62.0% in 50—59 years old to 66.5% in
70-79 years old and then decreased to 60.5% in 80 years
old and older (Table 1 and Additional file 1: Table S4). A
similar trend was observed for ICU admissions (Table 1
and Additional file 1: Table S5). For deaths, the reduction
was similar in all age groups (67.3%), but in 80 years old
and older among whom the percentage of deaths averted
due to vaccination decreased to 59.5% (Table 1 and Addi-
tional file 1: Table S6). We estimated that 5852 (2285—
6853) deaths have been averted among the 50-59 years
old, 16,837 (6568-19,473) among the 60—69 years old,
32,136 (13,651-36,758) among the 70-79 years old and
70,551 (31,288-88,953) among the 80 years old and
above.

Discussion

In this study, we estimated the number of COVID-19
hospitalizations, ICU admissions and deaths directly
averted by vaccination between December 2020 and
March 2022 among the French population aged 50 years
and above. We accounted for different levels of VE as
a function of age, variant, vaccine status and type of
events, and improved an existing methodology in order
to account for the waning of protection over time. Over-
all, we estimated that vaccination had a strong impact on
severe outcomes, preventing 480,150 (260,072-582,516)
hospitalizations, 132,156 (50,409-157,767) ICU admis-
sions and 125,376 (53,792-152,037) deaths, i.e. 63.2%
(48.2—67.6) of hospitalizations expected without vaccina-
tion, 68.7% (45.6—72.4) of expected ICU admissions and
62.7% (41.9-67.1) of expected deaths.

We found that the number of averted hospitalizations
and deaths increased with age, following the trend in the
number of observed hospitalizations and deaths, due
to the increased severity of COVID-19 with age [2, 26,
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27]. The 80+ population accounted for 35% of averted
hospitalizations and 56% of averted deaths. On the con-
trary, the number of averted ICU admissions was lower
in the 80+ population, because access to critical care was
more limited for this population during the pandemic.
Overall, 67% of averted ICU admissions were among
the 60-79 years old. The percentages of averted events
were relatively comparable for the 50-59, 60-69 and
70-79 populations, but slightly lower in the 80+ popula-
tion, which can be explained by a lower vaccine coverage
and a slightly lower VE for the Alpha and Delta variant
in this population. Regarding results by variant, we esti-
mated that the percentage of averted events was higher
during the circulation of Delta and Omicron (75-85%)
compared to Alpha (around 20%), which can be related
to higher vaccine coverage during the Delta and Omi-
cron periods compared to the Alpha period. Among the
125,376 averted deaths, we estimated that 58,450 (47%)
were averted during the circulation of Delta, and 55,788
(44%) during the circulation of Omicron.

Our findings are in agreement with the study by Meslé
et al., which estimated the number of averted deaths in
33 European countries including France, from December
2020 to November 2021, in the population aged 60 years
and above [6]. The authors found that 38,715 deaths were
averted in France, which is comparable to our estimate of
34,817 averted deaths for the same time period and the
same population. The small difference can be explained
by differences in assumed VE, which, in our study, were
stratified by age and variant, and accounted for the wan-
ing of protection over time. The fact that the difference
was small suggests that the impact of waning was lim-
ited over this time period, probably because the decay
rate of mNRA vaccine efficacy against severe outcomes
was quite slow and, due to the vaccine schedule, only a
few people had very long delays since last dose (see for
instance Additional file 1: Fig. S2). With a similar meth-
odology, Sacco et al. found a 39% reduction in expected
deaths, in the Italian population aged 60 years and above,
from January to September 2021 [7]. This is close to our
estimates of 35% averted deaths in France, for the same
age group and time period, knowing that the vaccine cov-
erage of primary vaccination was a bit lower in France
(80%) compared to Italy (above 85%) by the end of Sep-
tember 2021. In other settings, a US modelling study
estimated that 56% of hospitalizations and 58% of deaths
were averted in the US population over 18 years between
December 2020 and September 2021, with a vaccine cov-
erage at 67% in this population by the end of the study
period [8]. In Israel, a study comparing the rates of hos-
pitalizations and deaths between vaccinated and unvac-
cinated individuals aged 16 years and older, found that
two thirds of hospitalizations and deaths were averted in
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Table 1 Estimated number of directly averted events (hospitalizations, ICU admissions and deaths) by age, in the French population

aged 50 years and above, from week 53-2020 to week 9-2022

Event Age Number of events Rate per 100,000 Percentage averted
group (years) by vaccination (95%
Observed Averted by vaccination (95% Cl) Observed Expected without cl)
vaccination (95% Cl)
Hospitali-  50-59 43,757 71,526 (37,934-85,122) 492.2 1296.7 (918.8-1449.6) 62.0 (46.4-66.0)
zations 60-69 59,246 107,642 (57,120-126,159) 7345 2069.0 (1442.7-2298.6) 64.5 (49.1-68.0)
70-79 68,041 134,862 (71,915-155,691) 10924 3257.5 (2246.9-3591.9) 66.5 (51.4-69.6)
80+ 108,399 166,120 (93,103-215,544) 26254 6648.8 (4880.3-7845.8) 60.5 (46.2-66.5)
All (50+) 279,443 480,150 (260,072-582,516) 1023.1 2780.9 (1975.2-3155.7) 63.2 (48.2-67.6)
ICU admis- 50-59 13,651 28,074 (9636-33,776) 1535 469.3 (261.9-533.4) 67.3(414-71.2)
sions 60-69 20,175 44,790 (16,700-52,992) 250.1 8054 (457.2-907.1) 68.9 (45.3-72.4)
70-79 18,683 44,007 (17,595-51,144) 299.9 1006.5 (582.4-1121.0) 70.2 (48.5-73.2)
80+ 7677 15,285 (6478-19,855) 185.9 556.1 (342.8-666.8) 66.6 (45.8-72.1)
All (50+) 60,186 132,156 (50,409-157,767) 220.3 704.2 (404.9-797.9) 68.7 (45.6-72.4)
Deaths 50-59 2839 5852 (2285-6853) 319 97.8 (57.6-109.0) 67.3 (44.6-70.7)
60-69 8170 16,837 (6568-19,473) 101,3 310.0 (182.7-342.7) 67.3 (44.6-704)
70-79 15,593 32,136 (13,651-36,758) 250,3 766.3 (469.5-840.5) 673 (46.7-70.2)
80+ 48,088 70,551 (31,288-88,953) 1164.7 28734 (1922.5-3319.1) 59.5(39.4-64.9)
All (50+) 74,690 125,376 (53,792-152,037) 2734 732.5 (470.4-830.1) 62.7 (41.9-67.1)

the first four months of the vaccine campaign, with a full
vaccination coverage reaching 74% at the end of the study
period [5]. A global modelling study estimated a similar
reduction in hospitalizations and deaths worldwide (63%)
between December 2020 and December 2021 [9]. Com-
pared to our study, this study considered a much lower
global vaccine coverage (56% for one dose, 46% for two
doses and 4% for the booster), but accounted for both the
direct and indirect effects of vaccination while we only
considered the direct effects here. Thus, despite differ-
ences in the methodological approaches, the studied pop-
ulations and the levels of vaccine coverage, our findings
are in line with previous studies, showing a large impact
of vaccination on severe SARS-CoV-2-related outcomes,
and extend prior research by providing estimates for the
period when Omicron was circulating.

Our study has some limitations, primarily related to the
availability and quality of input data and the methodol-
ogy used. First, our analysis was based on the number
of deaths reported by hospitals and nursing homes and
therefore does not include deaths that occurred at home.
However, as the proportion of deaths that occurred at
home is expected to be small, the underestimation of the
number of observed and avoided deaths should be mini-
mal. Second, we did not stratify the population accord-
ing to the presence of high-risk co-morbidities. Yet,
recent studies suggested that VE may be lower in peo-
ple with underlying conditions compared to the general
[28-31]. This limitation may have led to an overestima-
tion of the number of events prevented by vaccination,

as we may have attributed a potentially higher effective-
ness to individuals with co-morbidities. However, a pre-
vious study looking at the prioritization of vaccination
strategies in France, showed that accounting for age and
comorbidities only made a small difference compared to
accounting for age only, especially when the number of
available doses was high [32]. Third, the vaccine effective-
ness values used as input have several limiting elements.
Our study only considered VE of mRNA vaccines since
they were preferentially recommended in France, even
though 12% of vaccine doses administered to people aged
50 years or above in France were not mRNA vaccines
(as of March 6, 2022). Previous VE studies had shown
that the effectiveness of adenoviral vector vaccines was
slightly lower than that of mRNA vaccines. However,
a booster dose of an mRNA vaccine may enhance vac-
cine protection in people who have initially received
an adenoviral vector vaccine [33, 34]. Then, we made a
strong assumption of a linear decrease in VE over time,
with decreasing effectiveness after 13 weeks for a pri-
mary dose and 21 weeks for subsequent doses, covering
a period of over 1 year after the dose, while the literature
has only studied the decrease in VE up to nine months
after vaccination [24]. Despite being an extrapolation of
the decline in immunity, our assumption was based on
data available in the literature (Additional file 1: Table S1)
and was more realistic than using a constant VE. Fourth,
for Alpha and Delta variants, we used VE estimated from
an analysis conducted on the French population, using
the same age groups as in our study, which limited biases
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[12]. However, estimates of VE against the Omicron BA.1
variant were not robust due to the wide confidence inter-
vals observed around the point estimates. To mitigate
this issue, we chose to incorporate more robust estimates
from other countries for VE against severe forms related
to the Omicron BA.1 variant [16, 21]. However, the age
profiles of the populations analysed in these considered
studies differed from that of our own study; this may
have led to an over- or underestimation of the number of
events prevented by vaccination.

Finally, our study has limitations that stem from the
method itself, as it only accounted for the individual-
level direct effects of vaccination on severe outcomes in
vaccinated people. It ignored its indirect effects such as
its impact on transmission and herd immunity (indirect
protection of unvaccinated individuals due to reduced
spread of the virus in a highly immune population).
Quantifying the indirect effects would require a dynamic
transmission model [9]. In addition, vaccination, by
reducing the number of severe outcomes, also alleviated
the burden placed on the healthcare system, and there-
fore, probably reduced the fatality rate of COVID-19, and
possibly other pathologies treated in hospitals. There-
fore, our study likely underestimated the overall impact
of vaccination (direct and indirect) and the true number
of averted events. Since our approach was not based on
a dynamic transmission model, another methodologi-
cal limitation is that the counterfactual scenario without
vaccination could not account for the dynamics of natu-
ral immunity in the population, changing behaviours in
the population and the likely additional control measures
that would have been implemented to control the epi-
demic in the absence of vaccination.

Conclusions

In conclusion, this study demonstrated the strong impact
of vaccination on COVID-19 morbidity and mortality in
France, in particular during the circulation of the Delta
and Omicron BA.1 variants. These findings highlight
the fundamental role that vaccination played to protect
the population from severe outcomes associated with
COVID-19, to reduce the strain on the healthcare system
as well as the economic and societal costs associated with
non-pharmaceutical measures. The estimates that we
provided could serve as a basis for studies assessing the
cost-effectiveness of COVID-19 vaccination, which can
be useful for policymakers.
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