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Background: It is unclear what is responsible for the large variations in the prevalence of meningococcal
resistance to cephalosporins and quinolones.
Methods: We used mixed-effects linear regression to assess if country-level prevalence of reduced susceptibility to cefotaxime and ciprofloxacin was associated with the population-level consumption of cephalosporins and quinolones in 13 European countries.
Results: Positive correlations were found between the prevalence of reduced susceptibility to ciprofloxacin
and the consumption of quinolones (coef. 0.16, 95% CI 0.05–0.27; P = 0.003). The same positive association
was found for cefotaxime/cephalosporins (coef. 0.1, 95% CI 0.04–0.15; P = 0.001).
Conclusions: Meningococcal reduced susceptibility to cefotaxime and ciprofloxacin is linked to homologous
class antimicrobial consumption. This finding provides additional motivation for strengthening antimicrobial stewardship programs.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health
Sciences.
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Background
There are striking variations in the prevalence of antimicrobial
resistance (AMR) in Neisseria meningitidis. Surveillance studies in
countries such as the United States and Sweden have reported a
prevalence of resistance to quinolones and cephalosporins of close to
zero [1,2]. In contrast, a survey of 198 isolates in Shanghai found that
68% were resistant to ciprofloxacin [3]. Although based on smaller
sample sizes, similar results have been reported from India [4].
Considerable variation in the prevalence of reduced susceptibility to
penicillin has also been noted between European countries [1,2]. For
example, in two studies using similar methodologies, the prevalence
of reduced susceptibility to penicillin varied between 8.6% in
Sweden in 2008 and 41% in Belgium in 2010 [2,5]. More recently,
high level resistance to cefotaxime has been reported [6].
Understanding the drivers of this AMR is important to prevent
the further emergence of resistance. In this paper, we test the bystander-selection-hypothesis – the hypothesis that population level
consumption of antimicrobials can influence the prevalence of AMR

[7]. This theory is based on the observation that N. meningitidis is
asymptomatic for most of the time it circulates in a population [1,8].
This means that antibiotics used for any indications could select for
AMR in N. meningitidis (bystander selection) [7]. Previous studies
have found that the country-level prevalence of cephalosporin,
macrolide and quinolone resistance in N. gonorrhoeae is positively
associated with the volume of homologous class antimicrobial
consumption [9–11]. This association was found in both a global
study and a study limited to European countries where there is
considerable variation in the intensity of antimicrobial consumption
[10,11]. Whilst this association has not been tested for N. meningitidis, a number of studies (but not all) have found that high level
exposure to antimicrobials in mass meningococcal treatment or
chemoprophylaxis campaigns is associated with the emergence of
AMR [12–14].
We use two open access datasets to assess if there is a countrylevel association between the consumption of quinolones and cephalosporins and the time-lagged prevalence of resistance to these
antimicrobial classes in European countries.
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Table 1
Variation in antimicrobial consumption, decreased susceptibility and resistance to cephalosporins, quinolones in N. meningitidis in 13 European Countries. Values reported as
country medians of all the years with available data.
Antimicrobial consumption (DID)

Belgium
Czech Republic
France
Germany
Greece
Ireland
Italy
Malta
Poland
Portugal
Slovenia
Spain
Sweden

Decreased susceptibility (%)

Antimicrobial resistance (%)

Cephalosporins

Quinolones

N

Cefotaxime

N

Ciprofloxacin

Cefotaxime

Ciprofloxacin

2.19
1.365
2.92
1.59
7.4
1.64
2.77
4.9
2.3
1.99
0.52
1.81
0.34

2.51
1.1
1.88
1.25
2.36
0.855
3.24
2.01
1.18
2.98
1.11
2.29
0.92

1
252
90
253
67
101
1
.
905
9
265
46
39

0
0
42.9
6.1
35.7
16.7
0
.
19.2
100
0
0
0

10
13
104
288
67
110
49
94
951
121
265
53
156

33.3
21.4
19.5
0
53.8
2.5
0
27.5
2.2
42.9
0
16.7
0

0
0
0
0
0
0
0
.
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0

Notes: DID - number of defined daily doses per 1000 inhabitants; Decreased susceptibility and antimicrobial resistance are reported as percentages. The thresholds used to define
antimicrobial resistance and reduced susceptibility are provided in the methods section. N – the number of isolates with antimicrobial susceptibility data available per country for
cefotaxime or ciprofloxacin

Methods

Only a limited number of isolates in Europe are resistant according to these breakpoints (Table 1). To be able to detect more
subtle effects of antimicrobial consumption on AMR, we used lower
breakpoints to define decreased susceptibility: cefotaxime: >
0.008 mg/L, ciprofloxacin: > 0.008 mg/L [21]. We used these
breakpoints to calculate the proportion of isolates from each country
and year with decreased susceptibility to cefotaxime and ciprofloxacin. Datapoints with only data from a single isolate were
dropped from the analysis.
As a sensitivity analysis, we repeated the analyses using the
geometric mean MIC per country and year for cefotaxime and ciprofloxacin as outcome variables.

Data
Antimicrobial consumption data
National population-level antimicrobial drug consumption data
were obtained from the European Surveillance of Antimicrobial
Consumption Network (ESAC-Net) [15,16]. ESAC-Net provides open access to the data it collects on antimicrobial use in ambulatory care and
hospital care in 30 European countries [15,16]. ESAC-Net reports antimicrobial consumption as the number of defined daily doses (DDD) per
1000 inhabitants (DID) following the World Health Organization (WHO)
guidelines [16–18]. One DDD is defined as the average maintenance
dose per day for a drug used in its main indication for adults [17]. Data
provided by ESAC have been shown to be accurate and to correlate
closely with those produced by other methodologies [16]. In our study,
we used the total country-specific antimicrobial drug use in ambulatory
care broken down into the following major antimicrobial classes:
J01MA/quinolones and J01D/other β-lactam antimicrobial agents (cephalosporins, monobactams and carbapenems; we refer to this class as
cephalosporins). We focused on quinolones and cephalosporins because
of their importance in the current meningococcal treatment and chemoprophylaxis regimens [19]. Data were available from 1997 to 2018.
All consumption figures are reported as DID.

Analyses
Associations between decreased susceptibility in N. meningitidis and
antimicrobial consumption
For each antibiotic class, mixed effects linear regression was used
to assess the association between the decreased susceptibility in N.
meningitidis and antimicrobial consumption.
The following mixed effects linear model was used:
(N·meningitidis_resistance-to-X in year Y and country C) ~
(Consumption of X in year Y-1 and country C) + (random intercept for
country C) + intercept + error

Antimicrobial Resistance Data

We did not control for genogroup, sample type or asymptomatic
versus symptomatic infection as multivariable mixed effects linear
regression with country as a random intercept revealed that these
factors were not significantly associated with ciprofloxacin or cefotaxime MICs (STable 2).
The statistical analyses were performed in Stata 16.0. A P-value
of < 0.05 was regarded as significant.

The AMR data was calculated from the PubMLST dataset
(STable 2). PubMLST is a collection of open-access, curated databases
that integrate sequence data with metadata such as antimicrobial
susceptibility data for over 100 bacterial species [20]. The dataset
contains 64,458 isolates of N. meningitidis from both symptomatic
and asymptomatic infections. Antimicrobial susceptibility data is,
however, only available for only a fraction of these. We used data for
ciprofloxacin (n = 3237), the only quinolone with susceptibility data
was ciprofloxacin, and cefotaxime (n = 2551), the extended spectrum
cephalosporin with the most data available.
We used this data to calculate the prevalence of resistance to
cefotaxime and ciprofloxacin per country and year. For each antimicrobial, we calculated the percent of isolates that were resistant
per country per year.
EUCAST (v11.0) uses the following minimum inhibitory concentration (MIC) breakpoints to define meningococcal antimicrobial
resistance: cefotaxime: > 0.125 mg/L, ciprofloxacin: > 0.03 mg/L
(https://www.eucast.org/clinical_breakpoints/).

Results
Antimicrobial consumption data was available from 30 countries,
but antimicrobial susceptibility data was only available for 13 of these
countries (Table 2). There were large variations in the median consumption of cephalosporins and quinolones between these 13 countries (cephalosporins - median 2.0 [IQR1.6 - 2.8; range 0.34 – 7.4],
quinolones - median 1.9 [IQR 1.1 – 2.4; range 0.9 – 3.2]; Table 2; SFig. 1).
Appreciable differences in the prevalence of reduced susceptibility to
cefotaxime and ciprofloxacin were also evident (cefotaxime – median
11% [IQR 0–36%]; ciprofloxacin – median 17% [IQR 0–28%].
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Table 2
Mixed-Effects Linear Regression Analyses of the relationship between the consumption of cephalosporins/quinolones and reduced susceptibility to cefotaxime/
ciprofloxacin in N. meningitidis in in 13 European countries.
Reduced susceptibility

Cefotaxime
Ciprofloxacin

Geometric mean

Coeff. (95% CI)

P-value

Coeff. (95% CI)

P-value

0.096 (0.039–0.153)
0.162 (0.054–0.269)

0.001
0.003

0.002 (0.001–0.004)
0.002 (−0.003 to 0.008)

0.002
0.348

Correlation between reduced antimicrobial susceptibility and
consumption

national differences in the prevalence of genogroups as we found
that genogroup was not associated with ciprofloxacin or cefotaxime
MIC (STable 1). Our measure of antimicrobial consumption was
based on ESAC data whose consumption estimates are very similar
to those produced by different methodologies [27,28]. Our analysis
was limited to European countries. Finally, we did not assess the
effect of antimicrobial consumption on the prevalence of AMR but
only on reduced susceptibility to cefotaxime and ciprofloxacin.
These limitations notwithstanding, our findings provide guidance for populations with a high prevalence of meningococcal
antimicrobial resistance. Populations such as those of Shanghai,
where the prevalence of ciprofloxacin resistance has reached 66%
may benefit from strengthening antimicrobial stewardship campaigns in the general populations [3]. Future studies could evaluate
if there are population-level thresholds for inducing AMR and, if so if
consumption in a particular age or other demographic groups plays a
disproportionately large effect on AMR [29].

Mixed-effects linear regression analyses, with a random intercept
for the country, revealed positive correlations between the prevalence of reduced susceptibility to ciprofloxacin and the consumption of quinolones (coef. 0.16, 95% CI 0.05–0.27; P = 0.003). The
same positive association was found for cefotaxime/cephalosporins
(coef. 0.1, 95% CI 0.04–0.15; P = 0.001; Table 2).
Sensitivity analysis
A positive association was found between antimicrobial consumption and geometric mean MIC and the consumption of cephalosporins (coef. 0.002, 95% CI 0.0008–0.0037; P = 0.002) but not
quinolones (Table 2).
Discussion

Funding

We found that for both cephalosporins and quinolones, the
prevalence of reduced susceptibility in N. meningitidis was positively
associated with the population level consumption of these antimicrobials. These results add N. meningitidis to a long list of bacterial
species where population level consumption of antimicrobials has
been linked to AMR. As such, they provide further motivation for
high consumption populations to improve antimicrobial stewardship to prevent the further emergence and spread of antimicrobial
resistance.
There are two main, non-exclusive pathways through which
population-level antimicrobial consumption could select for reduced
susceptibility in N. meningitidis. In the direct pathway, asymptomatic
N. meningitidis colonization would come under direct selection
pressure for AMR when antimicrobial consumption in a particular
population exceeded a certain threshold. In the indirect pathway,
intense antimicrobial consumption would select for AMR commensal Neisseria species, which could in turn pass the resistance
conferring DNA to N. meningitidis via transformation [22]. A phylogenetic analysis from a large collection of isolates in Shanghai established that transformation from commensal Neisseria spp. was
responsible for the majority of quinolone resistance in N. meningitidis [3]. Transformation of sections of penA from commensal Neisseria spp. has likewise played an important role in the genesis of
meningococcal resistance to cephalosporins [21,23,24]. It is plausible
that both pathways could operate in high consumption populations.
There are a number of important limitations to this analysis. The
pubMLST data are not based on representative samples of each
country included. Furthermore, the antimicrobial susceptibility of
isolates was not assessed by a uniform method or performed in the
same laboratory. The number of isolates with available MIC data was
low for a number of the countries. These factors would be expected
to operate as misclassification biases which typically result in a bias
towards the null hypothesis [25]. This would be expected to reduce
the statistical strength of any association found. The prevalence of
different genogroups is known to vary between countries and certain studies have found that the proportion of isolates with AMR
varies between different genogroups [1,26]. We did not control for
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