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Background: In France, vaccination has been implemented against Hi 
serotype b (Hib), pneumococcus with pneumococcal conjugate vaccines 
(PCV), and Neisseria meningitidis serogroup C (MenC). These interven-
tions with different coverage and uptake have disrupted the epidemiology of 
vaccine-preventable acute bacterial meningitis (ABM).
Methods: We analyzed data from a French prospective surveillance net-
work of ABM in children ≤15 years old enrolled by 259 pediatric wards 
(estimated national coverage: 61%). From 2001 to 2020, the effect of vac-
cine implementation was estimated with segmented linear regression.
Results: We analyzed 7,186 cases, mainly due to meningococcus (35.0%), 
pneumococcus (29.8%), and Hi (3.7%). MenC ABM incidence decreased 
(−0.12%/month, 95% CI: −0.17 to −0.07, P < 0.001) with no change for the 
overall meningococcal ABM when comparing the pre-MenC vaccination 
and the post-MenC vaccination trends. Despite a decreasing MenB ABM 
incidence without a vaccination program (−0.43%/month, 95% CI: −0.53 
to −0.34, P < 0.001), 68.3% of meningococcal ABM involved MenB. No 
change in pneumococcal ABM incidence was observed after the PCV7 
recommendation. By contrast, this incidence significantly decreased after 
the switch to PCV13 (−0.9%/month, 95% CI: −1.6 to −0.2%, P = 0.01). 
After May 2014, a rebound occurred (0.5%/month, 95% CI: 0.3–0.8%, P < 
0.001), with 89.5% of non-PCV13 vaccine serotypes. Hib ABM incidence 
increased after June 2017.
Conclusions: PCV7 and MenC vaccine introduction in France, with slow 
vaccine uptake and low coverage, had no to little impact as compared to 
the switch from PCV7 to PCV13, which occurred when coverage was opti-
mal. Our data suggest that MenB and next-generation PCVs could prevent 
a large part of the ABM incidence in France.
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Acute bacterial meningitis (ABM) is a major cause of mortality 
worldwide, with an estimated 134,000 deaths in children ≤15 

years in 2019.1 Despite advances in medical and critical care, a high 
proportion of survivors present long-term sequelae.2

During the last 3 decades, several vaccines have been imple-
mented to prevent the burden of ABM. In France, vaccination has 
been implemented against Hi serotype b (Hib), Streptococcus 
pneumoniae with pneumococcal conjugate vaccines (PCV) and 
Neisseria meningitidis serogroup C (MenC).3–5 Despite undeniable 
progress, N. meningitidis and S. pneumoniae remained the most 
common pathogens involved in pediatric ABM.6

Recently, several nonpharmaceutical interventions (NPIs) 
were implemented against COVID-19.7 These interventions, 
although not intended to decrease non-COVID-19 infections, led to 
a major decrease in several bacterial infections.8–10
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Despite these interventions, pediatric ABM remains a major 
global health issue.1 Using a unique long-standing population-based 
prospective surveillance (19 years) of clinical and microbiological 
ABM in French children, we aimed to describe the epidemiology of 
vaccine-preventable ABM and the effect of vaccinations and NPIs 
on their incidence.

MATERIAL AND METHODS

Study Design
We performed a quasi-experimental interrupted time series 

analysis using a long-standing population-based prospective 
surveillance of pediatric ABM. This surveillance network was 
approved by the Créteil Hospital Ethics Committee and the French 
National Data Protection Commission (no. 913006). The study was 
registered at ClinicalTrials.gov (NCT04664569).

Study Data and Settings
From January 2001 to December 2020, 259 pediatric wards 

and 168 microbiology laboratories (Figure, Supplemental Digital 
Content 1, http://links.lww.com/INF/F272) prospectively enrolled 
all reported cases of ABM in children ≤15 years throughout France. 
The methodology was previously described.11 Briefly, a standard-
ized form was completed for each case and transmitted to the inves-
tigating center after patient discharge. The form covered data on 
date of birth, sex, underlying conditions (meningeal breach, recur-
rent meningitis, cochlear implant, asplenia, immunodeficiency 
or cardiopathy), vaccination status and short-term outcome. In a 
capture–recapture study, the coverage of this surveillance network 
was estimated at 61% [95% confidence interval (CI): 58–65] of the 
French hospitals.12

Outcomes
The main outcome was the estimated monthly ABM inci-

dence due to meningococcus, pneumococcus, and Hi per 100,000 
children ≤15 years over time. The incidence per 100,000 chil-
dren was estimated by using the estimated study coverage and the 
annual age-specific population (https://www.insee.fr/). Secondary 
outcomes were (1) the serotype distribution among pneumococcal 
ABM, (2) the serogroup distribution among meningococcal and 
Hi ABM and (3) the monthly pathogen-specific case fatality rate 
(CFR). We used ABM incidence due to group B Streptococcus 
(GBS) as a control outcome, as neither vaccination nor NPI are 
expected to influence this pathogen.

Definitions
ABM was defined by at least one criterion among (1) positive 

culture of cerebrospinal fluid (CSF), (2) presence of soluble antigens 
in CSF, (3) positive polymerase chain reaction (PCR) results for CSF, 
(4) pleocytosis in CSF (≥10 cells/µL) associated with either a posi-
tive blood culture and/or PCR of a biopsy of a skin lesion consistent 
with meningitis. Bacterial isolate identification was performed in local 
microbiology centers. Pneumococcal serotyping was performed by the 
National Reference Center for Pneumococci by latex agglutination 
as previously described.10 Similarly, meningococcal grouping and Hi 
serotyping (since 2017) were performed by the National Reference 
Center for Meningococci and Hi by PCR and/or latex agglutination.13,14

National Interventions in France

Neisseria meningitidis
Since June 2009, 1 dose of MenC vaccine has been rec-

ommended for children 12 months old, with a catch-up program 
for people ≤24 years.3 Since April 2017, a dose of MenC vaccine 

has been recommended for children 5 months of age. At the end 
of 2016, vaccine coverage was 70.0% for children 24 months 
but only 34.8% for those 10–14 years and 25.1% for adolescents 
15–19 years of age.15 During the study period, meningococcal B 
conjugated vaccine (MenB) was recommended only for at-risk 
groups and for outbreak control. Moreover, regional or local 
vaccination campaigns (against MenC and MenB) took place 
during this period. To our knowledge, there is no available data 
on MenB vaccine coverage between its approval (January 2013) 
and the end of the study (December 2020), particularly it was 
not monitored by the French public health agency before 2022.16 
A survey in November 2019 suggested that MenB vaccine cov-
erage was extremely low, particularly in older children: vaccine 
was proposed by only 30% of general practitioners, and among 
them, only 38% for teenagers, compared with 56% for children 6 
months to 1-year old.17

Streptococcus Pneumoniae
In January 2003, PCV7 was recommended as a targeted 

vaccination for children younger than 2 years who were at risk 
in France, with a complex definition, which led to slow vaccine 
uptake.4,18 Indeed, 1 year later, only 56% of children younger than 1 
year had received at least 1 PCV7 dose.4 In June 2006, PCV7 was 
recommended for all children, which led to higher vaccine cover-
age.4 In 2009, PCV7 was recommended with a 2 + 1 doses schedule 
instead of a 3 + 1 doses schedule before. In June 2010, PCV7 was 
replaced with PCV13.4,18 The change occurred without a catch-up 
program18 and vaccine coverage was about 90%.19 Catch-up is not 
recommended for non-high-risk children >24 months old. There-
fore, vaccine coverage in children 4–5 years old is similar to that of 
children 24 months of age 2–3 years before.

Hi serotype b
Vaccine against Hib has been recommended since 1992 in 

France, initially with a 3 + 1 schedule (2, 4, 5 and 16–18 months), 
then a 2 + 1 schedule since 2013 (2, 4 and 11 months).5 Vaccine 
coverage with a booster at age 24 months, which was about 88% 
before 2013, increased to 95% between 2016 and 2019, after the 
simplification of the vaccination schedule.20

Group B Streptococcus
Chemoprophylaxis to prevent early-onset sepsis due to GBS 

has been recommended in France since 2001 and guidelines have 
not been modified since.21

Mandatory Vaccination
Since January 2018, recommended vaccines for children 

younger than 2 years, including PCV13, MenC, and Hib, are man-
datory for all children born after this date.22 This law led to vacci-
nation coverage greater than 90% for children born after 2018.22

Interventions Against the Spread of COVID-19
In March 2020, a strict lockdown was implemented to 

reduce the spread of COVID-19.23 The lockdown was gradu-
ally followed by various mitigation strategies, including social 
distancing, wearing of face masks by adults and children older 
than 6 years and a night-time curfew. The NPIs implemented in 
France are detailed by the European Centre for Disease Preven-
tion and Control.7

Statistics
We analyzed the outcomes by using segmented linear 

regression with autoregressive error.18 The model accounted for 
autocorrelation, trends before and after interventions, and season-
ality using an additive model.24 We hypothesized that changes in  
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vaccination would have a progressive impact,18 whereas NPI imple-
mentation would have an immediate impact.10 The identification of 
a decrease or rebound in incidence without vaccination or NPI was 
identified with models providing the best fit.

Periods
For overall meningococcal and MenC ABM: the “pre-vac-

cination period” was from January 2001 to July 2009, “MenC vac-
cine with 1 dose period” from August 2009 to March 2017 and 
“MenC vaccine with 1 + 1 doses period” from April 2017 to March 
2020. For pneumococcus: the “pre-PCV7 period” was from January 
2001 to December 2002, the “targeted PCV7 period” from Janu-
ary 2003 to May 2006, the “PCV7 period” from June 2006 to May 
2010, the “early PCV13 period” from June 2010 to April 2014 and 
the “late PCV13 period” from May 2014 to March 2020. For Hi: 
the “Hib vaccine with 3 + 1 doses” was from January 2001 to April 
2013, the “early Hib vaccine with 2 + 1 doses” from May 2013 to 
May 2017 and the “late Hib vaccine with 2 + 1 doses” from June 
2017 (corresponding to a rebound) to March 2020. For GBS and 
MenB, no specific intervention was implemented, and no “knot” 
(ie, a time when the trend changed significantly) was identified. 
Therefore, we defined a “pre-NPI” period from January 2001 to 
March 2020. Finally, we defined the “NPI period” from April 2020 
to December 2020.

Quantitative data were compared by the Student t test and 
categorical data by χ2. All statistical tests were two-sided, and the 
results were considered significant at P < 0.05. Data were entered 

with 4D software (versions 6.4–15.2) and analyzed with Stata/
SE (StataCorp. 2013, Stata Statistical Software: Release 15.0 
College Station, TX) and R (R Core Team, Version 3.6.3. https://
www.R-project.org/).

RESULTS
Between January 2001 and December 2020, 7,186 ABM 

cases were reported in children ≤15 years. N. meningitidis was iso-
lated in 35.0% of cases (2,518), S. pneumoniae in 29.8% (2,145) 
and Hi in 3.7% (264). ABM diagnosis was mainly made because of 
positive CSF culture (79.7%), positive CSF PCR (10.2%), positive 
blood culture and CSF pleocytosis (4.3%) and the presence of solu-
ble antigens in CSF (3.2%), while other case definitions were used 
for <3% of the cases.

Neisseria Meningitidis
The main serogroup was B (68.5%). The proportion of diag-

noses performed solely by PCR increased during the study (Table 
1). When considering all meningococcal ABM cases, the incidence 
decreased significantly before MenC vaccination implementation 
(Fig. 1), with no significant change observed after MenC vac-
cine recommendation. The incidence of MenB ABM significantly 
decreased during the pre-NPI period [−0.43%/month, 95% confi-
dence interval (CI) −0.53 to −0.34, P < 0.001]. We observed no 
significant change in CFR between periods (Figure, Supplemental 
Digital Content 2, http://links.lww.com/INF/F273).

TABLE 1. Characteristics of Children 15 Years of Age and Younger with Meningococcal Acute Bacterial Meningitis 
Between January 2001 and December 2020

Prevaccination (Janu-
ary 2001–July 2009)

N = 1,540

MenC Vaccine With 1 
Dose (August 2009–

March 2017)
N = 739

MenC Vaccine With 
1 + 1 Doses (April 

2017–March 2020)
N = 223

NPI (April 2020–
December 2020)

N = 16

Overall Study (January 
2001–December 2020)

N = 2,518

Estimated annual 
incidence per 100,000 
children (95% CI)*

2.44 (2.24–2.62) 1.40 (1.21–1.59) 0.95 (0.66–1.24) 0.36 (0–0.89) 1.74 (1.53–1.96)

Monthly changes in 
incidence of MenC 
meningococcal ABM 
(95% CI)*

−1.20% (−1.48 to −0.92)
P < 0.001

−0.12% (−0.17 to −0.07)
P < 0.001

−6.7% (−14.6 to +1.1)
P = 0.08

NA NA

Monthly changes in 
incidence of overall 
meningococcal ABM 
(95% CI)*

−0.46% (−0.64 to −0.28)
P < 0.001

−0.70% (−4.5 to +3.1)
P = 0.71

−0.04% (−0.11 to +0.04)
P = 0.34

NA NA

Age (years), median 
(IQR)

2.2 (0.7–5.5) 1.8 (0.6–5.4) 1.3 (0.5–3.6) 1.4 (0.4–3.6) 2.0 (0.7–5.3)

Sex (male), n (%) 822/1,495 (55.0) 410/714 (57.4) 115/214 (53.7) 9/16 (56.2) 1,356/2,439 (55.6)
Serogroups available, 

n (%)
1,423/1,540 (92.4) 704/739 (95.3) 208/223 (93.3) 15/16 (93.8) 2,350/2,518 (93.3)

Serogroups, n (%)
  B
 C
 W
 Other

933 (65.6)
397 (27.9)
31 (2.1)
62 (4.4)

521 (74.0)
128 (18.2)
19 (2.7)
36 (5.1)

142 (68.3)
24 (11.5)
29 (13.9)
13 (6.2)

14 (93.3)
1 (6.7)
0 (0)
0 (0)

1,610 (68.5)
550 (23.4)
79 (3.4)

111 (4.7)
Diagnosis by only PCR, 

n (%)
225/1,540 (14.6) 175/738 (23.7) 55/217 (25.3) 2/16 (12.5) 457/2,511 (18.2)

Preterm, n (%) 102/897 (11.4) 45/450 (10.0) 15/128 (11.7) 4/12 (33.3) 166/1,487 (11.2)
Underlying conditions, 

n (%)
25/1,540 (1.6) 12/739 (1.6) 5/223 (2.2) 1/16 (6.2) 43/2,518 (1.7)

Case fatality rate, n (%) 104/1,526 (6.8) 21/736 (2.8) 6/222 (2.7) 2/16 (12.5) 133/2,500 (5.3)
Monthly change in case 

fatality rate (95% 
CI)*

−0.50% (−1.06 to +0.06)
P = 0.07

−1.21% (−17.2 to 
+14.7%)

P = 0.88

+3.09% (−0.66 to +6.8)
P = 0.10

NA NA

*Estimated with segmented regression.
ABM indicates acute bacterial meningitis; CI, confidence interval; IQR, interquartile range; MenC, meningococcal C; NPI, nonpharmaceutical intervention.
Data are n (%) unless specified otherwise.
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Streptococcus Pneumoniae
Overall pneumococcal ABM incidence was stable during 

the pre-, targeted- and the generalized PCV7 periods (Fig. 2). After 
PCV13 implementation, the incidence decreased by 0.9%/month 
(95% CI: −1.6 to −0.2, P = 0.01). After May 2014, a rebound 
was observed (+0.5%/month, 95% CI: 0.3–0.8, P < 0.001). 
Between the pre-PCV7 and late PCV13 periods, the proportion of 
PCV13-vaccine serotypes decreased from 84.0% to 10.6% while 
the proportion of children with an underlying condition regularly 
increased from 11.8% to 21.5% (Table 2). Figure, Supplemen-
tal Digital Content 3, http://links.lww.com/INF/F274 shows the 

incidence of ABM due to PCV7 serotypes and to PCV13 sero-
types. Of note, during the late PCV13 period, ABM due to PCV13 
serotypes increased (+0.7/month, 95% CI: 0.4–1.1, P < 0.001), 
mostly due to the persistence of 2 vaccine serotypes: 19 F (21/483, 
4.3%) and 3 (14/483, 2.9%). During this period, 30 cases were 
due to PCV13 serotypes (6.2%), while non-PCV13/PCV15 sero-
types accounted for 67 cases (13.9%) and non-PCV15/PCV20 for 
125 cases (25.9%) as detailed in Table, Supplemental Digital Con-
tent 4 http://links.lww.com/INF/F275. We observed no significant 
change in CFR after the introduction of national guidelines for 
PCVs.

FIGURE 1. Monthly incidence per 100,000 children 15 years of age and younger for overall, serogroup C, and serogroup 
B meningococcal acute bacterial meningitis over time. MenC vaccine coverage remained <80% for children 24 months 
old until 2018 and <25% for children 20–24 years old during the study. Since January 2018 (black arrow), MenC vaccine 
has become mandatory for children <2 years, leading to an increase in vaccine coverage. The “prevaccination period” was 
from January 2001 to July 2009, the “MenC vaccine with 1 dose period” from August 2009 to March 2017, and the “MenC 
vaccine with 1 + 1 doses period” from April 2017 to March 2020. For serogroup B, the “pre-NPI period” was from January 
2001 to March 2020. The “NPI period” was from April 2020 to December 2020. The black line shows the observed data. 
The blue slope lines were estimated with a segmented regression model. The blue dotted lines show the 95% confidence 
interval estimated with the segmented regression model. A total of 2,518 children was included in the analysis for all 
meningococcal strains, 550 children for serogroup C, and 1,610 children for serogroup B. MenB indicates meningococcal B; 
MenC, meningococcal C; NPI, nonpharmaceutical intervention. 

http://links.lww.com/INF/F274
http://links.lww.com/INF/F275
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Hi serotype b
We observed no significant change until June 2017, when a 

significant increase of Hi ABM incidence by 2.8%/month (95% CI: 

0.3–5.3%, P = 0.02) was noted (Supplemental Digital Content 5, 
http://links.lww.com/INF/F276). Moreover, we found no difference 
in age, vaccination status, underlying condition and CFR before 

FIGURE 2. Monthly incidence per 
100,000 children 15 years of age 
and younger for pneumococcal, and 
Haemophilus influenzae acute bacterial 
meningitis over time. Complete PCV 
vaccination at 24 months remained 
<80% until 2007. Complete Hib 
vaccination at 24 months was about 88% 
until 2013 and about 92% after. Since 
January 2018 (black arrows), 13-valent 
pneumococcal conjugate vaccine and 
H. influenzae serogroup b have become 
mandatory for children <2 years, leading 
to an increase in vaccine coverage. The 
“pre-PCV7 period” was from January 
2001 to December 2002, the “targeted 
PCV7 period” from January 2003 to May 
2006, the “PCV7 period” from June 2006 
to May 2010, the “early PCV13” period 
from June 2010 to April 2014, and the 
“late PCV13” period from May 2014 to 
March 2020. The “Hib vaccine with 3 + 1 
doses period” was from January 2001 to 
April 2013, the “early Hib vaccine with 
2 + 1 doses period” from May 2013 to 
May 2017, and the “late Hib vaccine 
with 2 + 1 doses period” from June 2017 
to March 2020. The “NPI period” was 
from April 2020 to December 2020. 
The black lines show the observed data. 
The blue slope lines were estimated 
with a segmented regression model. 
The blue dotted lines show the 95% 
confidence interval estimated with 
the segmented regression model. Hib 
indicates Haemophilus influenzae type b, 
NPI, non-pharmaceutical intervention; 
PCV, pneumococcal conjugate vaccine. 

http://links.lww.com/INF/F276
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and after the rebound in June 2017 (Table, Supplemental Digital 
Content 6, http://links.lww.com/INF/F277). After the increase, the 
main serogroup involved was serogroup b (45.4%, Figure, Sup-
plemental Digital Content 7, http://links.lww.com/INF/F278). The 
CFR did not significantly change.

Control Outcome: GBS
During the study, 1,180 cases of ABM due to GBS were 

reported. The GBS ABM incidence was stable during the study 
(−0.05%/month, 95% CI: −0.14 to 0.04, P = 0.3).

Effect of NPI Implementation in March 2020
We observed a significant decrease of pneumococcal 

(−77.6%, 95% CI: −100 to −50.3, P < 0.001) and Hi (−56.9%, 95% 
CI: −100 to −5.9, P = 0.03) ABM incidence after NPI implementa-
tion. By contrast, no significant change was observed for Men and 
GBS (Table, Supplemental Digital Content 8, http://links.lww.com/
INF/F279).

DISCUSSION
When analyzing data from a long-standing population-based 

prospective national surveillance network with 7,186 ABM cases 
in children from 2001 to 2020, we observed major changes in the 

incidence and characteristics of ABM and a striking reduction in 
the incidence of the most frequent pathogens transmitted via the 
respiratory route after NPI. Furthermore, we observed no signifi-
cant change in pathogen-specific CFR after national interventions.

We observed that low vaccine coverage and slow implemen-
tation could diminish their effectiveness. Indeed, we found only a 
modest impact of MenC vaccine implementation in France, with 
no significant change after the recommendation to add an addi-
tional MenC vaccine dose. Several hypotheses could explain these 
observations. The catch-up recommendation has been poorly fol-
lowed,15 particularly for teenagers, who are meningococcus carriers 
and play an important role in its transmission. Furthermore, before 
any vaccine implementation, the overall meningococcal ABM 
incidence decreased, as did MenC incidence, making it difficult to 
demonstrate a benefit with time series analysis.

Similarly, to the meningococcal ABM incidence following 
vaccine rollout, there was little evidence of a decrease in the inci-
dence of pneumococcal ABM following the introduction of PCV7 
in France, unlike other countries where vaccine coverage increased 
rapidly. Indeed, by comparing before and after PCV7 implementa-
tion, a decrease of 42% in the overall invasive pneumococcal disease 
(IPD) incidence in children <5 years of age was reported in Israel, 
while the decrease was 62% in children 2–23 months of age in the 
United States.25,26 In France, the low vaccine coverage has decreased 

TABLE 2.  Characteristics of Children with Pneumococcal Acute Bacterial Meningitis Between January 2001 and 
December 2020

Pre-PCV7 (January 
2001–December 

2002)
N = 263

Targeted PCV7 
(January 2003–May 

2006)
N = 402

PCV7 (June 2006–
May 2010)

N = 484

Early PCV13 (June 
2010–April 2014)

N = 378

Late PCV13 (May 
2014–March 2020)

N = 599

NPI (April 2020–
December 2020)

N = 19

Overall study (Janu-
ary 2001–December 

2020)
N = 2,145

Age (years), median 
(IQR)

0.8 (0.5–2.9) 0.9 (0.5–3.2) 1.0 (0.5–4.2) 1.0 (0.5–4.8) 1.3 (0.5–5.6) 0.9 (0.5–1.7) 1.0 (0.5–4.3)

Sex (male) 145/262 (55.3) 231/395 (58.5) 282/474 (59.5) 214/371 (57.7) 353/593 (59.5) 11/17 (64.7) 1,235/2,111 (58.5)
Diagnosis by only 

PCR
2/263 (0.8) 6/402 (1.5) 17/484 (3.5) 12/378 (3.2) 20/599 (3.3) 0/18 (0) 57/2,144 (2.7)

Preterm 18/171 (10.5) 35/383 (12.4) 44/334 (13.2) 49/269 (18.2) 63/425 (14.8) 1/16 (6.2) 210/1,498 (14.0)
Underlying condition 31/263 (11.8) 53/403 (13.1) 76/484 (15.7) 84/378 (22.2) 129/599 (21.5) 3/19 (15.8) 376/2,145 (17.5)
Case fatality rate 32/263 (12.2) 40/397 (10.1) 48/481 (10.0) 41/378 (10.8) 51/598 (8.2) 2/19 (10.5) 211/2,135 (9.9)
Overall annual 

incidence/100,000 
children (95% 
CI)*

1.75 (1.49–2.00) 1.59 (1.41–1.77) 1.62 (1.46–1.78) 1.39 (1.24–1.55) 1.37 (1.21–1.53) 0.41 (0.04–0.78) 1.47 (1.29–1.65)

Monthly changes in 
overall incidence 
(95% CI)*

−0.4% (−1.8 to +0.9)
P = 0.5

−0.2% (−1.4 to +1.0)
P = 0.7

0.2% (−0.3 to +0.7)
P = 0.4

0.9% (−1.6 to −0.2)
P = 0.01

0.5% (+0.3 to +0.8)
P < 0.001

NA NA

Annual incidence 
due to PCV7 
serotypes/100,000 
children (95% 
CI)*

1.01 (0.82 to 1.21) 0.60 (0.46 to 0.74) 0.22 (0.09 to 0.34) 0.06 (0 to 0.17) 0.06 (0 to 0.18) 0.0003 (0 to 0.29) 0.28 (0.14 to 0.41)

Monthly changes in 
incidence of PCV7 
serotypes (95% 
CI)*

−1.8% (−3.6 to −0.1)
P = 0.04

−1.6% (−6.2 to +2.9)
P = 0.48

−3.5 (−23.2 to 
+16.2)

P = 0.72

+1.4 (−0.2 to +3.0)
P = 0.09

−0.8 (−6.6 to +4.9)
P = 0.77

NA NA

Annual incidence 
due to PCV13 
serotypes/100,000 
children (95% 
CI)*

1.01 (0.86–1.16) 0.83 (0.73–0.94) 0.72 (0.63–0.82) 0.38 (0.29–0.47) 0.12 (0.03–0.21) 0.0009 (0–0.22) 0.50 (0.39–0.60)

Monthly changes 
in incidence of 
PCV13 serotypes 
(95% CI)*

−0.9 (−2.3 to +0.5)
P = 0.19

−0.4 (−1.7 to +0.9)
P = 0.52

−0.2 (−1.6 to +1.1)
P = 0.71

−3.3 (−5.6 to −1.0)
P = 0.004

+0.7 (+0.4 to +1.1)
P < 0.001

NA NA

Monthly change in 
case fatality rate, 
mean (95% CI)*

−1.7% (−5.4 to +1.9)
P = 0.3

+0.4% (−0.5 to +1.4)
P = 0.4

−0.3% (−1.4 to +0.8)
P = 0.6

+0.1% (−0.6 to +0.8)
P = 0.7

−0.9% (−3.1 to +1.2)
P = 0.4

NA NA

*Estimated with segmented regression.
CI indicates confidence interval; IQR, interquartile range; NPI, non-pharmaceutical intervention; PCV, pneumococcal conjugate vaccine
Data are n (%) unless specified otherwise.
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the benefit of the vaccine implementation on IPD. In addition, it has 
been hypothesized that the slow vaccine uptake may have favored 
pneumococcal carriage serotype replacement.4 Multiple factors may 
explain these suboptimal implementations. Larson et al.27 reported 
that France had the lowest confidence in vaccine safety globally. Since 
the publication of that study in 2016, mandatory vaccination has been 
voted on and has increased both vaccine coverage and confidence in 
vaccination.22 Furthermore, the lack of a specific strategy focusing on 
older children and especially teenagers, such as a school vaccination 
program, may explain the poor efficacy of a catch-up strategy.

Moreover, epidemiologic changes can occur without any 
intervention or decrease in vaccine coverage. For pneumococcus, 
the major benefit of PCV13 was eroded by a rebound 5 years after 
its introduction. During the late PCV13 period, the main sero-
type was 24F, and only 10.5% of pneumococcal cases were due to 
PCV13 serotypes. By comparison, 20.1%–84.9% of these serotypes 
were included in third-generation PCVs highlighting the potential 
benefit of next-generation PCVs. Among serotype 24F strains, a 
predominant lineage, GPSC10, has been identified in France.28 This 
lineage has been transmitted in Europe and other continents. Con-
cerningly, this serotype is frequently multidrug-resistant and is not 
included in most of the upcoming PCVs.

For Hi, incidence increased 4 years after the immunization 
changed from a 4-dose to a 3-dose schedule. Despite a relatively 
low incidence as compared with other pathogens and the prevacci-
nation incidence, this observation is both worrying and unexpected. 
The lower level of antibodies protecting against Hib (anti-PRP IgG) 
observed in French children with a “lightened” vaccination sched-
ule may explain this rebound in part.29 In the Netherlands, a simi-
lar pattern driven by serogroup b was observed in 2020 and 2021. 
Invasive diseases caused by non-b Hi serogroups were substantially 
lower as compared with previous years.30 Unlike France, in the 
Netherlands, the increase was observed in children and in adults.14 
Of note, a similar change in the national Dutch vaccine schedule 
occurred in 2020.30 Several hypotheses for this increase, such as 
diminished long-term protection because of vaccine schedule 
modification or an increase in Hib carriage in children, have been 
raised.30 Further studies are required to explore this phenomenon.

Finally, we reported secular changes, as illustrated by 
MenB, which decreased during the study without any specific 
vaccination. Similar patterns, which remain largely unclear, have 
been observed in Europe, with a 56% decrease in MenB invasive 
infections between 2008 and 2017, although the MenB vaccine was 
rarely used during this period.31 However, MenB remained the main 
meningococcal serogroup. MenB vaccine, which has been recom-
mended and reimbursed since 2022 in France, could prevent a large 
proportion of the cases.

After NPI implementation, both pneumococcal and Hi ABM 
incidence greatly decreased. Pneumococcal carriage, a prerequisite 
for infection, was stable during this period, while an association 
with a change in viral dynamics suggested that this decrease was 
mainly driven by the reduction of respiratory viral infections.10,32 
For meningococcus, we observed a similar but not significant 
trend, probably because of the very low number of cases. Similarly, 
changes in viral dynamics may have affected its transmission.33 
Concerns about possible future outbreaks exceeding the prepan-
demic period after NPI relaxation have been raised.34 For exam-
ple, an unusual outbreak of invasive MenB disease was described 
in the United Kingdom in autumn 2021.35 Similarly, an increased 
incidence of pediatric IPD was reported in England during July–
December 2021.36

We observed no significant change in the pathogen-specific 
CFR after specific national interventions, highlighting the importance 
of prevention. Furthermore, we observed a high proportion of preterm 

patients (18.8% compared with the national rate of 5–6%),37 and a high 
proportion of  children with an underlying condition (8.5%) among 
ABM cases. Especially, 17.5% of children had an underlying condi-
tion when pneumococcus was implicated. Prevention strategies should 
focus on these populations with “tailor-made” vaccination schedules.

We cannot exclude that a fraction of the decrease in ABM 
incidence may be related to underreporting, especially after the 
COVID-19 pandemic which has altered the healthcare system. 
The stability of GBS ABM, which was used as a control outcome 
because no specific vaccination occurred during the study and 
because NPI were not expected to have an impact on the transmis-
sion of this pathogen, with a steady number of centers participating 
in the study, are against this hypothesis. Considering the extreme 
severity of ABM, it is unlikely that parents did not seek medical 
attention, as has been described for other diseases since the COVID-
19 pandemic.38 Furthermore, we observed an increasing proportion 
of ABM for which the diagnosis involved solely PCR, especially 
for meningococcal ABM. This increase may have improved the 
diagnosis and therefore does not explain the decreasing meningo-
coccal ABM incidence. For other pathogens than N. meningitidis, 
cultures are sufficient in more than 97% of cases. For this study, 
the case definition was wider compared with other studies based 
solely on positive CSF culture.6 However, the case definition has 
not changed over the study period. Futhermore, children with plei-
ocytosis associated with either a positive blood culture and/or PCR 
of a biopsy of a skin lesion, which may lack of sensitivity, involved 
only a few patients (<3%) who mostly had a significant pleocytosis 
(median 365 cells/µL with 83% of neutrophils). Times-series anal-
ysis relies on a temporal association, and we cannot prove a causal 
relation. However, it is important to note that interrupted time series 
analysis is the optimal design when randomization is not feasible, 
particularly for the evaluation of public health measures.39 As an 
illustration, Pirçon et al. analyzed the effect of PCV implementation 
in children on the incidence of IPD in adults >65 years old.40 They 
found opposite results for the Finish dataset, with no heard effect 
comparing before-after, whereas a clear heard effect was identified 
with interrupted time-series analysis. Despite this design, secular 
changes, as observed for Men ABM incidence, remain challenging 
for the evaluation of public interventions, especially when studying 
over a long period. For this study, we used only data on ABM, one 
of the most severe bacterial infections, while other invasive bac-
terial infections are not accounted for. The epidemiology in non-
meningitis invasive bacterial infections may differ from our results. 
Finally, we have used data published from other sources for vaccine 
uptake. Indeed, vaccination status was often missing, particularly 
for vaccines against other pathogens than the one responsible for 
the ABM while vaccine coverage in children with ABM may differ 
from healthy children.

In conclusion, our study highlights that poor vaccine cover-
age and slow vaccine uptake have decreased the benefit of vaccine 
introductions such as the PCV7 and MenC vaccines. Furthermore, 
the recent epidemiology of pediatric ABM underlines the large part 
of the burden that could be reduced through vaccination (especially 
with the MenB vaccine and third-generation PCVs). The obser-
vation of major epidemiological changes, sometimes unrelated to 
vaccine implementation, highlights the need for continuous sur-
veillance. Finally, ABM caused by pathogens transmitted via the 
respiratory route should be monitored closely because their reduc-
tion during the NPI period could be followed by a rebound with a 
higher incidence than during the pre-NPI period.
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