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Background: The rapid increase of bacterial antibi-
otic resistance could soon render our most effective
method to address infections obsolete. Factors influ-
encing pathogen resistance prevalence in human pop-
ulations remain poorly described, though temperature
is known to contribute to mechanisms of spread. Aim:
To quantify the role of temperature, spatially and tem-
porally, as a mechanistic modulator of transmission
of antibiotic resistant microbes. Methods: An ecologic
analysis was performed on country-level antibiotic
resistance prevalence in three common bacterial path-
ogens across 28 European countries, collectively rep-
resenting over 4million tested isolates. Associations
of minimum temperature and other predictors with
change in antibiotic resistance rates over 17years
(2000-2016) were evaluated with multivariable mod-
els. The effects of predictors on the antibiotic resist-
ance rate change across geographies were quantified.
Results: During 2000-2016, for Escherichia
coli and Klebsiella pneumoniae, European countries
with 10°C warmer ambient minimum temperatures
compared to others, experienced more rapid resist-
ance increases across all antibiotic classes. Increases
ranged between 0.33%/year (95%Cl:0.2t00.5) and
1.2%/year (95%Cl: 0.4t01.9), even after accounting for
recognised resistance drivers including antibiotic con-
sumption and population density. For Staphylococcus
aureus a decreasing relationship of -0.4%/year
(95%Cl: —0.7 to 0.0) was found for meticillin resist-
ance, reflecting widespread declines in meticillin-
resistant S. aureus across Europe over the study
period. Conclusion: We found evidence of a long-term
effect of ambient minimum temperature on antibiotic
resistance rate increases in Europe. Ambient tempera-
ture might considerably influence antibiotic resistance

www.eurosurveillance.org

growth rates, and explain geographic differences
observed in cross-sectional studies. Rising tempera-
tures globally may hasten resistance spread, compli-
cating mitigation efforts.

Introduction

For almost a century, antibiotics have been our most
effective way to treat bacterial infections, and anti-
biotics underpin enormous population health gains.
However, soon after their initial introduction, bacterial
pathogens demonstrated their propensity to acquire
and propagate mechanisms to withstand the effects of
these agents. Decades of unfettered use of antibiotics
has been recognised as a main driver behind the selec-
tion and spread of resistant bacteria globally [1,2].

Antibiotic resistance poses one of the world’s great-
est public health threats today, with the potential to
render many existing classes of antibiotics ineffective
in the near future [3,4]. To address this crisis, numer-
ous national and international bodies have begun
developing policy to control antibiotic use and funding
research aimed at identifying and targeting drivers of
resistance [3,5]. However, we still have an incomplete
understanding of the factors beyond antibiotic con-
sumption that influence the distribution and spread of
antibiotic resistance in human populations [6-8].

Temperature is one of the strongest drivers of bacterial
reproduction and can also modulate aspects of hori-
zontal gene transfer through which resistance genes
can be exchanged [9,10]. On a population level, ambi-
ent (air) temperature has been associated with rates
of human carriage of pathogenic bacteria [11]. Ambient
temperature additionally influences the intensity of



FIGURE 1

Antibiotic resistance increases with increasing minimum temperature, European Union/European Economic Area countries

and the United Kingdom, 2000-2016
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(A) Map with the mean normalised antibiotic resistance for three common pathogens (Escherichia coli, Klebsiella pneumoniae, and

Staphylococcus aureus).

(B) Map with the annual average minimum temperature (°C) between 2000-2016, for 28 European countries.

(C) Unadjusted linear trend line estimating the linear relationship between annual average minimum temperature and normalised resistance,
across all countries and pathogens and years. The transparency of the points in the scatter plot (represented by increasingly dark shades of
grey) correspond to data collection year, and are coloured by latitude. Antibiotic subclasses are represented as geometric shapes.
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human activities, such as food animal production, that
could promote increased use of antibiotic agents [12].
Thus, directly or indirectly, temperature has the poten-
tial to modify the process of bacterial transmission
across species, transfer of resistant mobile elements
between bacteria, and selection of antibiotic resistant
organisms at bacterial and human population scales.
The effects of warming temperatures on a variety of
infectious diseases globally have been identified by
the World Health Organization; however, the impact
of climate change on the distribution of antimicrobial
resistance has been relatively ignored [13]. A recent
ecologic study evaluated the distribution of antibiotic
resistance in common bacterial pathogens across the
United States (US) during the years 2013-2015, and
found that antibiotic resistance prevalence was linked
to local minimum ambient temperatures across geog-
raphies [14]. However, due to limited availability of
historical data, the study could not demonstrate the
temporal effects of climate on antibiotic resistance

[14].

Here we use one of the most comprehensive antibiotic
resistance databases in existence (from the European
Antimicrobial Resistance Surveillance Network; EARS-
Net) [15,16] to identify if the rates of change of anti-
biotic resistance across countries in Europe, over the
years 2000-2016, may have been modulated by ambi-
ent temperature, and whether these findings may
explain observed associations between temperature
and antibiotic resistance across geographies.

Methods

Study design

We performed an ecologic analysis of the evolution of
country-level antibiotic resistance prevalence in com-
mon bacterial pathogens over time across Europe,
and evaluated associations with temperature and
other predictors over a 17-year period (2000-2016).
We built multivariate linear models of antibiotic resist-
ance prevalence over time, for three common patho-
gens and up to four different subclasses of antibiotics.
The study assessed 28 European countries: Austria,
Belgium, Bulgaria, Croatia, Czech Republic, Denmark,
Estonia, Finland, France, Germany, Greece, Hungary,
Iceland, Ireland, Italy, Latvia, Lithuania, Luxembourg,
the Netherlands, Norway, Poland, Portugal, Romania,
Slovakia, Slovenia, Spain, Sweden, and the United
Kingdom.

Antibiotic resistance data

Antibiotic resistance data at the country level were
collected as part of national surveillance for 28 coun-
tries across Europe, for three common bacterial Gram-
positive and Gram-negative pathogens: Escherichia
coli (Gram-negative), Klebsiella pneumoniae (Gram-
positive), and Staphylococcus aureus (Gram-negative),
representing approximately 3.4million, o.54million,
and o.52million tested isolates, respectively. These
pathogens were chosen because they are the most
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common Gram-positive and Gram-negative pathogens
that cause infections globally and align with a
previously-published study that investigated these
same three pathogens in the US [14].

Antibiotic resistance was identified as prevalence of
resistance (% resistant) among reported isolates for a
given year, country, and antibiotic subclass. Antibiotic
susceptibility was evaluated, where available, for the
following subclasses [14]: aminopenicillins (E. coli), 3rd
generation cephalosporins (E. coli and K. pneumoniae),
fluoroquinolones (E. coli and K. pneumoniae), amino-
glycosides (E. coli and K. pneumoniae), and meticillin
(S. aureus). Antibiotic resistance data originate from
EARS-Net [16] and represent sterile source isolates
from confirmed infections in the community and hos-
pital (nosocomial). This publicly available database
includes national annual human antibiotic resistance
data across common bacterial pathogens for common
drugs, for the majority of European countries over
time periods dating back to 2000. These national data
comprise one of the most comprehensive antibiotic
resistance datasets in existence though constrain the
analysis to the country level.

Predictors and confounders of antibiotic
resistance

Antibiotic consumption

Antibiotic consumption here refers to either sales
data, reimbursement data, or both, depending upon
the country. We do not distinguish between these two
sources, rather referring to them both as ‘consumption’.
To account for country level differences in antibiotic
consumption, we used annual country level antibiotic
consumption data from the European Surveillance of
Antimicrobial Consumption Network (ESAC-Net) [17].
Specifically, the data employed included the num-
ber of defined daily doses (DDD) per 1,000 inhabit-
ants per day, from combined inpatient and outpatient
sources (where available) for all major Anatomical
Therapeutic Chemical (ATC) Classification System
antibiotic classes. These data from The European
Surveillance System —TESSy, were provided by Austria,
Belgium, Bulgaria, Croatia, Czech Republic, Denmark,
Estonia, Finland, France, Germany, Greece, Hungary,
Iceland, Ireland, Italy, Latvia, Lithuania, Luxembourg,
Netherlands, Norway, Poland, Portugal, Romania,
Slovakia, Slovenia, Spain, Sweden, and the United
Kingdom, and released by the European Centre for
Disease Control and Prevention (ECDC). For each coun-
try, the data were available for up to 17years, from
2000 to 2016, and were reported by national bodies
such as drug registers, ministries of health, and health
insurance companies covering 100% of the population.
Antibiotic consumption data were missing for some
countries and years, and the number of countries with
data increased over time. The following antibiotics
were represented by the following ATC codes: penicil-
lins—Jo1C (including meticillin—Jo1CF), fluoroquinolo-
nes—Jo1M, aminoglycosides —)o1G, and 3rd generation



FIGURE 2

Change in the relationship between antibiotic resistance and minimum temperature over time for Escherichia coli, European
Union/European Economic Area countries and the United Kingdom, 2000-2016
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(A) Normalised antibiotic resistance versus annual average minimum temperature (°C) for four antibiotic subclasses and all 28 countries,
stratified by 5-6 year intervals.

(B) Speed of increase of antibiotic resistance versus annual average minimum temperature, stratified by average antibiotic consumption (low/
high). Each country is represented by a collection of vertical points. The average antibiotic consumption for each country — over all drug
classes and years — was compared to the median average antibiotic consumption across all 28 European countries. Countries with average
antibiotic consumption less than the median across Europe were considered to have low antibiotic use (blue); with greater than the median,
high antibiotic use (red).

(C) The changing association between annual average minimum temperature and antibiotic resistance over time. Distributions of the
association between antibiotic resistance and minimum temperature (unadjusted linear model slopes) across multiple years and four
antibiotic subclasses are shown, stratified by three time intervals (2000-2005; 2006-2010; 2011—-2016). The median slope for each interval
is marked by a vertical dashed line. Associations further to the right indicate stronger (steeper) relationships.

(D-G) Change of antibiotic resistance over time as a function of annual average minimum temperature for (D) aminoglycosides, (E) 3rd-
generation cephalosporins, (F) fluoroquinolones, and (G) aminopenicillins, with 95% confidence intervals. Estimates for all antibiotics were
obtained from multivariable models adjusting for country, minimum temperature (°C), year, population density (persons/km2), antibiotic
consumption (defined daily doses /1,000 inhabitants/day), and the interaction between year and minimum temperature. Beta coefficients
and pvalues are given for the interaction between minimum temperature and year, with 95% confidence intervals calculated using the
standard error of Equation 3,

V' Var(by) + Tmin? x Var(bs) + 2Tmin x Cov(by, by)

Equation 3 (from which the derived standard error is presented here) is described further in the main text of the current report.

where b2 and b3 are estimates of 32 and 83 .
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cephalosporins—Jo1DD. We note that antibiotic use
may also be correlated with other population-specific
factors that could influence the likelihood of resist-
ance (e.g. proportion of individuals in chronic care or
institutionalised settings), and thus some of these
unmeasured factors may be adjusted for, as a result of
its inclusion in the analysis model.

Minimum ambient temperature

Our second predictor was ambient temperature. Given
that minimum temperature has been identified as
important when describing species survival [18,19]
and was found to have meaningful associations with
antibiotic resistance prevalence in a previous ecologi-
cal study [14], we focused on extracting this attribute.
Constrained by the spatial resolution of the antibiotic
resistance data to a country-level analysis and noting
that certain European countries possess large north-
south latitudinal ranges or topographical variations
that may limit human population settlements, we used
three different approaches to calculate annual mini-
mum temperature values for our study.

First, we calculated the country-level annual average
minimum temperature using modelled and assimi-
lated meteorological data, available at a native geo-
graphic resolution of 0.5° x 0.625° from the Modern-Era
Retrospective analysis for Research and Applications,
Version 2 (MERRA-2) [20]. The MERRA-2 data are
publicly available through the Global Modeling and
Assimilation Office (GMAO) at the National Aeronautics
and Space Administration (NASA) Goddard Space Flight
Center. MERRA-2 contains hourly information from
1980 through the present date, with no missing data
and geographic coverage. This consistency over time
and space makes MERRA-2 an ideal data source for
this analysis. For this approach, we extracted the daily
minimum temperature for the 17-year period (2000-
2016) from MERRA-2 gridded rasters onto a European
shapefile containing country-level attributes. We took
the weighted mean of daily minimum temperature
across grid cells spanning each country (with weights
proportional to the fraction of the cell falling within the
country border), and computed the annual mean, for
each country, as the mean of daily mean minimum tem-
perature over the calendar year. We refer to this value
as ‘annual average minimum temperature’ or ‘minimum
temperature’ for brevity. The shapefile was obtained
from the Eurostat Geographic Information System of
the Commission (GISCO) of the European Commission,
and geodata extractions were performed with the aid
of the ‘rgdal’ and ‘raster’ packages in R (Version 3.3.2)
[21].

The othertwo approaches to calculate minimum temper-
atures were conceived to assess the sensitivity of our
findings to our choice of climate data source and spa-
tial resolution. For these two subsequent approaches,
we used city-level temperature data obtained from
() MERRA-2 data and (ii) local weather stations. For
(i), daily minimum temperature from MERRA-2 were
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obtained from the single 0.5°x 0.625° grid cell covering
the centroid of each capital city, and the annual mean
for each country was computed over the calendar year.
For (ii), we obtained annual average minimum tempera-
ture from the most complete weather station data cor-
responding to a capital or populous city, as provided by
the European Climate Data & Assessment (ECD&A) pro-
ject of the Royal Netherlands Meteorological Institute
(KNMI). A total of 26 of the 28 countries had available
weather station data, and the list of cities used for each
country can be found in Table S1. It is important to note
that using weather station data removes the theoreti-
cal modelling assumptions implicit in reanalysis data
such as MERRA-2.

Population density

We computed the population density (persons/km?) for
each country and year using annual population esti-
mates obtained through Eurostat.

Country

We included country as a predictor in order to capture
country-level confounding effects, which inherently
adjusts for all non-time varying predictors.

Data analysis

We initially assessed the pairwise associations
between relevant predictors, including annual aver-
age minimum temperature, population density and
antibiotic consumption, and antibiotic resistance
across countries, pathogens and antibiotic subclasses.
Additionally, we plotted the relationship between mini-
mum temperature and antibiotic resistance within lev-
els of predictors (antibiotic consumption (median), and
population density (tertile)) to assess for potential con-
founding and effect modifications.

Log scales were used for antibiotic consumption given
the large spread of values. To ease visualisation of anti-
biotic resistance across multiple different antibiotics,
we centred the data about the mean and normalised
by the standard deviation, by pathogen, antibiotic, and
year. To further visualise temporal trends, we computed
the slope representing the effect, by year, of minimum
temperature on antibiotic resistance as well as the
rate of change of antibiotic resistance over the 17-year
period. These were done for each pathogen type and
subclass of antibiotic.

To visualise the distribution of antibiotic resistance and
minimum temperature across Europe, we generated
choropleth maps of (i) normalised antibiotic resist-
ance across the three pathogens and (ii) annual aver-
age minimum temperature, each summarised over the
17-year time series. To produce a summary measure of
antibiotic resistance, we first computed the weighted
average of antibiotic resistance for each year, normal-
ised by pathogen and antibiotic subclass and weighted
by the number of isolates tested for a given pathogen
and antibiotic subclass. The simple average of these
values across years was then used to visualise the



TABLE

Adjusted multivariable analyses to evaluate associations of antibiotic resistance with minimum temperature and other
predictors, by pathogen and antibiotic subclass, European Union/European Economic Area countries and the United

Kingdom, 2000-2016

Predictor

Coefficient (95% confidence interval)?

Penicillins®

Aminoglycosides

Cephalosporins

Fluoroguinolones

Escherichia coli

Minimum temperature (°C) -0.29 (-0.71t0 0.14) -0.22 (-0.74 t0 0.30) -0.5 (-1.14 t0 0.13) -0.15 (-0.84 t0 0.53)
Year 0.34¢ (0.25 t0 0.43) 0.67° (0.56 t0 0.77) 0.68¢(0.54 to0 0.82) 0.74¢ (0.59 to 0.89)
Minimum temperature (°C): year . . . -

interaction 0.03¢ (0.02 t0 0.05) 0.05¢ (0.04 to 0.07) 0.06°(0.03 t0 0.08) 0 (-0.03 t0 0.02)
Antibiotic consumption (log 0.32 (-0.00 t0 0.64) 0.44% (0.17 to 0.71) 2.02°(1.03 t0 3.00) -0.62 (-2.07t0 0.84)
DDD/1,000 persons) 3 : 04 4471017 7 ’ -03103. : 07 -S4
Population density (persons/km?) -0.05 (-0.10 t0 0.01) | —0.10d (-0.17 t0 —0.03) | —0.06 (-0.14 t0 0.02) 0.02 (-0.07 to 0.10)
R? 0.83 0.87 0.87 0.87
Minimum temperature (°C) -1.07 (-2.29 to 0.15) -1.23 (-2.52 t0 0.06) -1.34 (-2.93 t0 0.24) N/A

Year 0.569 (0.21 t0 0.92) 0.66°(0.29 to0 1.02) 0.92¢(0.48 t0 1.36) N/A
Minimum temperature (°C): year _ 4 4

interaction 0.04 (-0.02 to 0.10) 0.09¢ (0.03 to 0.15) 0.12% (0.04 t0 0.19) N/A
Antibiotic consumption (log = d d

DDD/1,000 persons) 0.19 (-0.83 to 1.20) 0.90¢ (0.25 to 1.54) 3.45% (0.89 to 6.01) N/A
Population density (persons/km?) 0.11 (-0.10 to 0.31) 0.04 (-0.17 t0 0.26) -0.28 (-0.55 to —0.02) N/A

R? 0.93 0.94 0.87 N/A
Minimum temperature (°C) N/A N/A N/A 0.7 (-0.25 t0 1.65)
Year N/A N/A N/A -0.04 (-0.23 t0 0.15)
Minimum temperature (°C): year _ .

interaction N/A N/A N/A 0.04€ (-0.07 t0 0.00)
Antibiotic consumption (log -

DDD/1,000 persons) N/A N/A N/A 0.34 (-1.70 to 2.38)
Population density (persons/km?) N/A N/A N/A -0.29¢ (-0.41 to -0.17)
R? N/A N/A N/A 0.87

N/A: data not available; DDD: number of defined daily doses (DDD) per day, from combined inpatient and outpatient sources.

2 Except for the rows showing the R2.

® Penicillin resistance in E.coli was measured as resistance to aminopenicillins, and for S. aureus as resistance to meticillin.

¢p<o0.001.
4p<o.01.
¢ p<0.05.

Coefficients with standard errors (95% confidence intervals) are adjusted for country, minimum temperature, year, population density,
antibiotic consumption, and the interaction between year and minimum temperature. For interpretability, year is zeroed at baseline (2000).
A natural log transform was applied to antibiotic consumption to improve linear fit. All available pathogen-antibiotic combinations of
three pathogens (E. coli, K. pneumoniae, and S. aureus) and four antibiotic subclasses (aminoglycosides, 3rd-generation cephalosporins,

fluoroquinolones, and penicillins) were analysed.

average normalised antibiotic resistance per country
between 2000 and 2016. We also mapped the annual
average minimum temperature by country as the mean
of annual minimum temperature over the 17years.
Maps and figures were generated using the ‘ggplot2’
package in R.

Statistical analysis

Multivariate linear models were used to measure the
association between minimum temperature (°C) and
antibiotic resistance prevalence over time, adjusting
for country, year, population density (persons/km?),
antibiotic consumption (DDD per 1,000 inhabitants per
day), and the interaction between time and minimum
temperature. These models were replicated across
each pathogen and antibiotic subclass. They had

=)}

the structure presented in Equation1, where Tmin is
the minimum temperature in Celsius, time the
calendar year, Population Density the population
density (persons/km?), Antibiotic Consumption the
antibiotic consumption (DDD/1,000 inhabitants/day),
and Country, the dummy variable for the j'" country,
where j=(28-1=27). BH7 represent the effect of these
variables on antibiotic resistance. The linear model
assumes a normal distribution of errors (g).

(1) Antibiotic resistance =
Bo + B1Tmin + Botime + BsT'min * time + B4 Population Density
27
+ Bslog(Antibiotic Consumption) + Z BsjCountry; +e,e ~ N(0,07)
=1
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The interaction term between time and minimum tem-
perature was included to assess the extent to which
temperature is associated with the change in antibiotic
resistance over time. To quantify the association of the
temporal changes of antibiotic resistance prevalence
with minimum temperature, we calculated the time
derivative of Equation1:

(2) %Amibiotic resistance =
Ba+ ﬁliTmin + B3 (Tm'i'n + time * %Tmin) + ,84%Population Density
+ ﬁ5%log(Ant'ibiatic Consumption)

Equation 2 captures how the rate of change of antibiotic
resistance evolves in time for each pathogen and anti-
biotic subclass. To determine the contribution of each
of the terms to rates of change of antibiotic resistance,
we estimated their values by approximating the time
derivatives (of Tmin, Population Density, and Antibiotic
Consumption) by the observed changes from year to
year in the data. We then calculated the distributions
of values for each individual term across countries and
years. Given that B, is constant across years and coun-
tries, we performed this step on the four rightmost
terms of Equation 2.

We chose a multivariate linear model with random
country specific intercepts over a more complicated
hierarchical model given that it was parsimonious,
methodologically robust, and with a constrained num-
ber of degrees of freedom (a hierarchical model would
greatly increase the number of predictors in a limited
sample size of 28 countries and 17years).

Ethical statement

All relevant ethical guidelines were followed to con-
duct this study; due to the use of publicly available,
anonymised and aggregated data, this study did not
require an institutional review board (IRB) and/or eth-
ics committee approval.

Results

Antibiotic resistance temporal trends across
Europe

Antibiotic resistance in E. coli and K. pneumo-
niae has increased over time for most countries in
Europe (Supplementary Figures S1, S2), while S.
aureus resistance to meticillin has generally decreased
over time (Figure S3). In the same time period, how-
ever, country-specific temporal trends in two potential
predictors of resistance, minimum temperature and
antibiotic consumption, show no clear temporal ten-
dencies in Figures S4 and Ss. Countries have generally
experienced steady increases or decreases in popula-
tion density (Figure S6).

We found evidence of a positive linear association
between minimum ambient temperature and antibi-
otic resistance across all countries, years, pathogens,
and antibiotic subclasses (Figure 1), and observed that

www.eurosurveillance.org

this positive linear relationship between temperature
and resistance over geographies increased over time
(Figure 2 A—-C; Figures S7A-C; Figures S8A-C). In par-
ticular, note how the slope for the relationship between
temperature and resistance increases with time (e.g.
as years increase) in subfigures A (solid lines) and C
(dashed lines), indicating that antibiotic resistance
increases faster at higher temperatures. We also
observed evidence for this relationship differential by
antibiotic use, with a stronger relationship (larger slope)
between temperature and increases in resistance at
higher rates of higher antibiotic use (Figure 2B, Figure
S7B, Figure S8B). Such evidence is consistent with pre-
vious findings across the US [14].

Effect of temperature on rates of change of
antibiotic resistance

We developed a model relating temperature to anti-
biotic resistance accounting for time, antibiotic con-
sumption, population density, and country-specific
characteristics, described in the methods. By taking
the time derivative of our primary model, Equation1,
we were able to assess how the rate of change of anti-
biotic resistance evolves in time for each pathogen
and antibiotic subclass, as well as the extent to which
cross-country variations in temperature and other pre-
dictors contributed to the rates of change of antibi-
otic resistance (Equation2). Quantifying, for each year
and country, the contribution of each predictor to the
rate of change of antibiotic resistance, we found that
differences in temporal rates of change of antibiotic
resistance across geographies were driven mainly by
spatial and temporal variations in minimum ambient
temperature. In comparison contributions from other
predictors that included temporal changes in popula-
tion density, antibiotic consumption, and minimum
temperature were smaller (Figure S9). For aminopeni-
cillin resistance, the effect of minimum temperature
was more modest but still larger than that of the other
predictors (Figure S9). In Figure S1o0, we show that the
variability in minimum temperature across countries in
the data is much larger than the within-country tempo-
ral variability in minimum temperature over the 17-year
time period, and countries experienced relatively small
changes in population density and antibiotic consump-
tion from year-to-year as shown in Figures S5, S6. Thus,
for each pathogen and antibiotic subclass, our second
result suggests that the most important contributor to
differences in rates of change of antibiotic resistance
across Europe is local ambient temperature.

In Figure Sg9, we also show that the magnitude of the
term Tmin of Equation 2 is substantially larger than

% (Tmin), % (Population Density)

and

%log(Antibiotic Consumption)



and that the term B,Tmin is a good estimate of the term
Bs(Tmin + time * %T’min).

These findings suggest that Equation2 can be approxi-
mated by an ‘effective’ equation (Equation 3) given by:

(3) %Antibiot’ic resistance = [ + B3T'min

Consequently, we found that warmer ambient mini-
mum temperatures had a significant effect on the
rates of increase (or in one instance decrease) of anti-
biotic resistance over time, a phenomenon consistent
across most pathogens and antibiotic classes (Figures
2D-G, S7D-G, S8D-G). Over the study time period
and controlling for national antibiotic consumption,
population density, and constant country-specific con-
founders, we found that warmer countries, with 10°C
larger values in average minimum temperature, experi-
enced an increased rate of change of antibiotic resist-
ance by 0.33%/year (p¢<0.001), 0.55%/year (p<0.001),
and o0.57%/year (p<o.0o01) for E. coli resistance to
aminoglycosides, 3rd-generation cephalosporins, and
fluoroquinolones, respectively (Table, Figure 2D). We
observed even faster rates of change of K. pneumo-
niae resistance to 3rd-generation cephalosporins and
fluoroquinolones, of 0.9%/year (p<0.01) and 1.2%/year
(p¢o0.01) fora 10°Cincrease in temperature across coun-
tries, respectively (Table, Figure S7D). Interestingly, we
observed a decrease in the rate of change of antibiotic
resistance across countries by approximately 0.4%/
year (p<0.05), with a 10°C increase in minimum temper-
ature, for meticillin resistant S. aureus (MRSA).

We also observed that higher values of antibiotic
consumption, thought to have important roles in con-
ferring antibiotic resistance, including through popu-
lation-level selective pressure [14,22], were generally
associated with higher values of antibiotic resistance
to cephalosporins and fluoroquinolones for the patho-
gens E. coli and K. pneumoniae (Table; Figure S11). For
a few pathogen and antibiotic combinations, lower
resistance was associated with more densely popu-
lated countries (p<o.01, Table). Across pathogens, the
relationship between antibiotic resistance and mini-
mum temperature did not substantively change by
median antibiotic consumption or by tertile of popula-
tion density (Figure S12).

Long-term effect of temperature

Our results were almost identical when we conducted
our statistical analysis on two different temperature
data sources and two distinct spatial resolutions
(country- and city-level), confirming that our findings
are robust (Table, Supplementary tables, S2, S3).
Moreover, by removing the within-country temporal
variability in minimum temperature, and conducting
our analysis using a fixed 17-year average minimum
temperature we recovered our original findings (Table

S4). The latter result establishes the presence of a
long-term effect of minimum temperature on the rate of
increase of antibiotic resistance. Our attempts to iden-
tify potential short-term climatic influences of our set
of predictors on antibiotic resistance, via time-series
analysis, did not lead to consistent patterns. For this,
we conducted a post-hoc analysis on the direction of
the changes (time derivatives), from one year to the
next, of minimum temperature, antibiotic consumption,
and antibiotic resistance. We calculated the proportion
of times for which the direction (increase/decrease) of
annual changes of antibiotic resistance and the predic-
tors were the same. This metric, often called ‘hit rate’,
captured the congruence in the directional movement of
trends in antibiotic resistance, minimum temperature,
and antibiotic consumption. Based on these short-term
trends analyses, there was no general pattern suggest-
ing that short-term temporal deviations in temperature
and antibiotic consumption, either synchronously or
lagged (by 1, 2 or 3years), could explain short-term
temporal deviations in antibiotic resistance, on aver-
age across countries (mean hit rates < 60%; Figure
S13). Note that a hit rate of about 50% suggests that
half of the times one of the signals increased, the other
one decreased. So a strong signal takes place when
the majority of the times both move up or down. Within
some countries and for some pathogens and antibiotic
subclasses, there may be strong signatures of short-
term trends (Figures S14-S16), which future analyses
may explore.

Discussion

Our ecologic study presents evidence that the rate at
which antibiotic resistance accumulates over time is
associated with ambient temperature across Europe
among a collection of three pathogens and four anti-
biotic subclasses. While our findings should not be
generalised to other bacterial pathogens and antibi-
otic classes without further analysis, they may help
understand the currently observed geographic distri-
bution of antibiotic resistance prevalence in Europe,
which shows warmer areas experiencing higher levels
of antibiotic resistance. We found that warmer ambient
temperatures are generally associated with larger rates
of increase of resistance for E. coli and K. pneumoniae,
and for larger rates of decrease for S. aureus.

These findings forS. aureus, which appear contradictory
to those of E. coli and K. pneumoniae, may reflect con-
certed efforts to reduce MRSA infections in countries
with high endemic MRSA prevalence. These efforts
to curb MRSA have been well documented in Europe
[23] where many countries have instituted success-
ful programmes that target healthcare-associated
MRSA (HA-MRSA) transmission and infections through
enhanced infection prevention and control practices.
These efforts may be unique to MRSA and thus are
unlikely to impact other pathogens and susceptibilities.
Interestingly, we found a negative association between
antibiotic resistance and population density, which is
contrary to previous findings in the US, where antibiotic
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resistance was associated with higher population den-
sity [14]. Further studies should investigate the consist-
ency of relationships between population density and
resistance across geographies, though one possible
explanation to these findings in Europe could be the
relationship between farming and antibiotic use in less
densely populated areas, which may contribute to the
observed negative association.

The role of climate and infectious diseases has been
a major topic of research in the last decade. However,
much of this work has focused on the impact of vector-
borne diseases (e.g. malaria and dengue), as well as
diseases related to water and sanitation (e.g. cholera)
[13]. To date, there has been a paucity of literature on
the relationship between climate factors and popula-
tion-level antibiotic resistance. Two exceptions are an
ecologic study across the US [14], which due to limited
temporal resolution could not assess trends over time,
and a recent ecologic study across Europe [24], which
found evidence for a relationship between temperature
and the geographic distribution of antibiotic resist-
ance, but also did not assess trends in time. Our study
differs fundamentally from the latter study in that it lev-
erages longitudinal data to offer deeper insights into
rates of change of resistance across Europe—how fast
resistance is spreading as a function of time and tem-
perature—rather than purely geographic distributions
as have been previously described. Aside from these
two studies, a few other investigations have touched
on the potential importance of temperature in driving
antibiotic resistance. One recent country-level analysis
in Europe did not explicitly assess the effects of tem-
perature on temporal trends in antibiotic resistance,
but did find that increasing distance from the equator
was a predictor of lower risk of resistance of one patho-
gen genus, Acinetobacter spp, to one antibiotic class,
carbapenems [25]. Further, a study using data from 103
countries found that temperature was positively cor-
related (univariate) with antibiotic resistance indices,
but did not isolate the individual effect of temperature
on resistance in multivariable models, instead combin-
ing temperature and precipitation data to create a sin-
gle ‘climate’ variable [26]. Further, this study did not
assess trends in time.

Compared to previous studies, our study offers evi-
dence for the positive relationship between tempera-
ture and antibiotic resistance over a large geographic
and temporal scale, across three bacterial pathogens
and four drug classes and using data that includes the
most comprehensive antibiotic resistance and con-
sumption data from national surveillance networks,
the gold standard for this kind of data. Other datasets
offer the future promise of evaluating the potential
impact of climate on antibiotic resistance on a global
scale [5,27].

While we have a limited understanding of the transmis-

sion networks that give rise to the spread of antibiotic
resistant organisms and mechanisms of resistance,
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there is a general understanding that this is a complex
process, connecting agriculture, animals, humans, and
the broader environment [28]. Temperature plays an
important role in many of these settings, and there are
a number of potential mechanisms that could support
a biological effect of temperature on antibiotic resist-
ance distribution and transmission. Antibiotic resistant
bacteria have either intrinsic or acquired mechanisms
that render them non-susceptible to particular types
of antibiotics, and these bacteria can exist in both the
environment and hosts (e.g. carriage within flora of
humans and animals) [29]. On a bacterial level, mech-
anisms of resistance can either be shared vertically
(through strain replication) or horizontally (e.g. from
other bacteria, viruses, or the environment) [29,30].
Temperature thus has the potential to act on any
number of these resistance acquisition and transfer
mechanisms, both within and between hosts and envi-
ronments. For example, increased carriage in humans
and animals could support increased transmission of
resistant strains of bacteria, and carriage of antibiotic
resistant organisms has been shown to be influenced
by season/temperature [11]. Moreover, horizontal gene
transfer (including the transfer of antibiotic resistance
genes between bacteria) is known to be temperature
dependent, and previous work has shown that opti-
mal temperatures for transfer of the carbapenemase
New Delhi metallo-B-lactamase 1 (NDM-1) are similar
to local ambient temperatures [10]. Increased bacterial
growth rates at higher temperatures could facilitate
overall transmission and selection by antibiotic con-
sumption [9]. The environment is thought to be a major
reservoir of antibiotic resistance [31], and it is also pos-
sible that the environmental resistome (the collection
of all resistance genes) could become more diverse in
a warming climate. Lastly, temperature may have an
impact on other important human socio-behavioral
effects (e.g. gatherings) which could also alter the
transmission of antibiotic resistant organisms. While
much of the resistance data obtained from surveil-
lance networks are likely from hospital (nosocomial)
sources, we would expect much of the flora leading to
infection to have been derived from community coloni-
sation [32,33], upholding the hypotheses raised here.

Limitations to our study include issues inherent to
data collection and databases used, such as gaps in
national data reporting over time, both systematic (e.g.
Lithuania and Latvia not reporting resistance data until
2005-2006) and random (e.g. Portugal missing resist-
ance data in 2007). In this study, gaps in data report-
ing and collection apply in particular to resistance data
sourced from EARS-Net and antibiotic consumption
data sourced from ESAC-Net. To address the systemati-
cally missing data for countries from 2000-2005, we
report a separate analysis for 2006-2016 and show
that our original findings hold (Table Ss). In addition to
gaps in data collection, methods and measures to eval-
uate antibiotic consumption and antibiotic resistance
may change over time (see Supporting Information,
‘Additional Limitations’). Changes in breakpoints are



infrequent occurrences for any given class and do
not often occur in synchrony with all other classes,
which makes them difficult to adjust for in an analy-
sis. However, their impact on our results is unlikely for
the following reasons: we do not expect breakpoints
to change as a function of temperature (our exposure);
our findings are robust to multiple classes of antibiot-
ics; and breakpoint changes based on the introduction
of a new drug class are not necessarily reflected in
antibiotic consumption immediately after introduction,
and this likely varies by country.

Our study dataset was also limited to annual national
antibiotic resistance levels, restricting our geographic
analysis to the country level and our temporal analysis
to the yearly level. As such, evaluating associations on
smaller geographic (e.g. state/city) or time (e.g. sea-
sonal) scales was not possible. Evaluating intra-year
temperature fluctuations and resistance patterns may
lead to additional important insights, and should be
pursued with the availability of more granular data.
Lastly, the ability to quantify and include potential con-
founders related to policy (such as historical efforts to
curb MRSA) is currently limited, but would improve the
ability to test and control for the effects of policy imple-
mentation on the rates of antibiotic resistance spread
over the years. As a sensitivity analysis (Table S6) we
introduced two time-varying predictors (i) national
gross domestic product (GDP) and (ii) total national
health expenditure, and this resulted in no notable
changes in the study conclusions.

If future studies confirm that the rate at which anti-
biotic resistance accumulates in human pathogens
is influenced by temperature at the global scale,
directly or indirectly, then our findings suggest that
future increases in global temperature may yield faster
increases in antibiotic resistance [34]. This finding was
raised speculatively in a report examining the geo-
graphic distribution of antibiotic resistance in the US
[14], and an immediate next step could involve amass-
ing more years of data on resistance in the US to con-
firm the findings of the present study.

Estimating the health and economic burden of anti-
biotic resistance globally is challenging: one extreme
estimate suggests that attributable mortality due to
antibiotic resistance could be on the order of ‘mil-
lions’ annually by 2050, with annual economic burden
in excess of ‘billions’ of US dollars [35-38]. While we
cannot infer causality from our study, we have demon-
strated that temperature may play an important role in
modulating the rate of change of antibiotic resistance
in an area, and this may explain the geographic differ-
ences that have been observed in cross-sectional stud-
ies. While our approach of using country-wide minimum
temperatures was done to provide comparability with
national antibiotic resistance data and could lead to
blunted associations, these would still likely only lead
to underestimates. Further, our sensitivity analyses
using different data sources and spatial resolutions for
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minimum temperature confirm the consistency of our
findings, strengthening their likelihood and providing
evidence for a long-term effect of temperature on anti-
biotic resistance. Regardless of the methodology used
to estimate the prevalence of antibiotic resistance glob-
ally, failure to account for potentially relevant factors
such as temperature could lead to underestimates. We
hope this work will drive further avenues of research
to investigate the role of climate as well as other soci-
odemographic factors on the distribution and spread
of antibiotic resistance.

Acknowledgements

D.R.M. received training support from a Canadian Institutes
of Health Research Fellowship grant.

Data use disclaimer

The views and opinions of the authors expressed herein
do not necessarily state or reflect those of ECDC. The ac-
curacy of the authors’ statistical analysis and the findings
they report are not the responsibility of ECDC. ECDC is not
responsible for conclusions or opinions drawn from the data
provided. ECDC is not responsible for the correctness of the
data and for data management, data merging and data colla-
tion after provision of the data. ECDC shall not be held liable
for improper or incorrect use of the data.

Funding

D.R.M. received training support from a Canadian Institutes
of Health Research Fellowship grant (http://www.cihr-irsc.
gc.ca/e/193.html). The funders had no role in study design,
data collection and analysis, decision to publish, or prepara-
tion of the manuscript.

Role of the funding source

The Canadian Institutes of Health provided a Research
Fellowship grant for training support. This funding source
had no role in the study design; in the collection, analysis,
and interpretation of data; in the writing of the report; and in
the decision to submit the paper for publication. The corre-
sponding authors had access to all data in the study and had
final responsibility for the decision to submit for publication.

Conflict of interest

None declared.

Authors’ contributions

S.F.M., D.R.M., and M.S. conceived the study; S.F.M., D.R.M.,
M.W.H., K.M., and M.S. formulated the experimental de-
sign; S.F.M. and D.R.M. collected the data; S.F.M., M.\W.H.,
and M.S. analysed the data; all authors discussed results,
contributed to manuscript preparation, and reviewed the
manuscript.

References

1. Lipsitch M, Samore MH. Antimicrobial use and antimicrobial
resistance: a population perspective. Emerg Infect Dis.
2002;8(4):347-54. https://doi.org/10.3201/eid0804.010312
PMID: 11971765

2. Barbosa TM, Levy SB. The impact of antibiotic use on
resistance development and persistence. Drug Resist Updat.

www.eurosurveillance.org



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

2000;3(5):303-11. https://doi.org/10.1054/drup.2000.0167
PMID: 11498398

McCarthy M. Science academies of G7 nations call for action
on antibiotic resistance and neglected tropical diseases. BMJ.
2015;350(apr30 11):h2346-2346. https://doi.org/10.1136/bmj.
h2346 PMID: 25929670

Nathan C, Cars O. Antibiotic resistance--problems, progress,
and prospects. N Engl ) Med. 2014;371(19):1761-3. https://doi.
org/10.1056/NEJMp1408040 PMID: 25271470

Tornimbene B, Eremin S, Escher M, Griskeviciene ], Manglani
S, Pessoa-Silva CL. WHO Global Antimicrobial Resistance
Surveillance System early implementation 2016-17. Lancet
Infect Dis. 2018;18(3):241-2. https://doi.org/10.1016/51473-
3099(18)30060-4 PMID: 29396007

Berendonk TU, Manaia CM, Merlin C, Fatta-Kassinos D,

Cytryn E, Walsh F, et al. Tackling antibiotic resistance: the
environmental framework. Nat Rev Microbiol. 2015;13(5):310-7.
https://doi.org/10.1038/nrmicro3439 PMID: 25817583

Martinez JL. Antibiotics and antibiotic resistance genes in
natural environments. Science. 2008;321(5887):365-7. https://
doi.org/10.1126/science.1159483 PMID: 18635792

Morris AM, Calderwood MS, Fridkin SK, Livorsi D), McGregor
JC, Mody L, et al. Research needs in antibiotic stewardship.
Infect Control Hosp Epidemiol. 2019;40(12):1334-43. https://
doi.org/10.1017/ice.2019.276 PMID: 31662139

Ratkowsky DA, Olley J, McMeekin TA, Ball A. Relationship
between temperature and growth rate of bacterial cultures. )
Bacteriol. 1982;149(1):1-5. https://doi.org/10.1128/)B.149.1.1-
5.1982 PMID: 7054139

Walsh TR, Weeks J, Livermore DM, Toleman MA. Dissemination
of NDM-1 positive bacteria in the New Delhi environment and
its implications for human health: an environmental point
prevalence study. Lancet Infect Dis. 2011;11(5):355-62. https://
doi.org/10.1016/51473-3099(11)70059-7 PMID: 21478057

Kaier K, Frank U, Conrad A, Meyer E. Seasonal and ascending
trends in the incidence of carriage of extended-spectrum
B-lactamase-producing Escherichia coli and Klebsiella
species in 2 German hospitals. Infect Control Hosp Epidemiol.
2010;31(11):1154-9. https://doi.org/10.1086/656748 PMID:
20849274

Babinszky L, Halas V, Verstegen MWA. Impacts of Climate
Change on Animal Production and Quality of Animal Food
Products. in Climate Change - Socioeconomic Effects. 2011.
https://doi.org/10.5772/23840

The Lancet Infectious Diseases. The Lancet Infectious
Diseases. Climate change: the role of the infectious disease
community. Lancet Infect Dis. 2017;17(12):1219. https://doi.
0rg/10.1016/51473-3099(17)30645-X

MacFadden DR, McGough SF, Fisman D, Santillana M,
Brownstein JS. Antibiotic Resistance Increases with Local
Temperature. Nat Clim Chang. 2018;8(6):510-4. https://doi.
0rg/10.1038/541558-018-0161-6 PMID: 30369964

Weist K, Hogberg LD. ECDC publishes 2015 surveillance data
on antimicrobial resistance and antimicrobial consumption

in Europe. Euro Surveill. 2016;21(46):30399. https://doi.
0rg/10.2807/1560-7917.ES5.2016.21.46.30399 PMID: 27918266

European Centre for Disease Prevention and Control (ECDC).
Surveillance Atlas of Infectious Diseases. Stockholm: ECDC;
2016. Available from: http://atlas.ecdc.europa.eu/public/

European Centre for Disease Prevention and Control (ECDC).
European Surveillance of Antimicrobial Consumption Network
(ESAC-Net). Stockholm: ECDC; 2018. Available from: https://
ecdc.europa.eu/en/about-us/partnerships-and-networks/
disease-and-laboratory-networks/esac-net

Clarke A, Morris GJ, Fonseca F, Murray BJ, Acton E, Price
HC. A Low Temperature Limit for Life on Earth. PLoS
One. 2013;8(6):e66207. https://doi.org/10.1371/journal.
pone.o066207 PMID: 23840425

Sutherst RW. Global change and human vulnerability to vector-
borne diseases. Clin Microbiol Rev. 2004;17(1):136-73. https://
doi.org/10.1128/CMR.17.1.136-173.2004 PMID: 14726459

Gelaro R, McCarty W, Suarez MJ, Todling R, Molod A, Takacs L,
et al. The Modern-Era Retrospective Analysis for Research and
Applications, Version 2 (MERRA-2). ] Clim. 2017;30(13):5419-54.
https://doi.org/10.1175/)CLI-D-16-0758.1 PMID: 32020988

R Core Team. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. 2013. Available from: http://www.R-project.org/

Goossens H, Ferech M, Vander Stichele R, Elseviers M,

ESAC Project Group. Outpatient antibiotic use in Europe and
association with resistance: a cross-national database study.
Lancet. 2005;365(9459):579-87. https://doi.org/10.1016/
S$0140-6736(05)70799-6 PMID: 15708101

Kock R, Becker K, Cookson B, van Gemert-Pijnen JE, Harbarth
S, Kluytmans J, et al. Methicillin-resistant Staphylococcus

www.eurosurveillance.org

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

aureus (MRSA): burden of disease and control challenges
in Europe. Euro Surveill. 2010;15(41):19688. https://doi.
org/10.2807/ese.15.41.19688-en PMID: 20961515

Kaba HEJ, Kuhlmann E, Scheithauer S. Thinking outside the
box: Association of antimicrobial resistance with climate
warming in Europe - A 30 country observational study. Int ) Hyg
Environ Health. 2020;223(1):151-8. https://doi.org/10.1016/].
ijheh.2019.09.008 PMID: 31648934

Alvarez-Uria G, Midde M. Trends and factors associated with
antimicrobial resistance of Acinetobacter spp. invasive isolates
in Europe: A country-level analysis. ] Glob Antimicrob Resist.
2018;14:29-32. https://doi.org/10.1016/j.jgar.2018.05.024
PMID: 29879490

Collignon P, Beggs JJ, Walsh TR, Gandra S, Laxminarayan R.
Anthropological and socioeconomic factors contributing to
global antimicrobial resistance: a univariate and multivariable
analysis. Lancet Planet Health. 2018;2(9):e398-405. https://
doi.org/10.1016/52542-5196(18)30186-4 PMID: 30177008

Compare. Global Sewage Surveillance Project.
Compare Europe. [Accessed: 23 May 2018]. Available
from: http://www.compare-europe.eu/Library/
Global-Sewage-Surveillance-Project

Robinson TP, Bu DP, Carrique-Mas |, Févre EM, Gilbert M, Grace
D, et al. Antibiotic resistance is the quintessential One Health
issue. Trans R Soc Trop Med Hyg. 2016;110(7):377-80. https://
doi.org/10.1093/trstmh/trwo48 PMID: 27475987

Holmes AH, Moore LSP, Sundsfjord A, Steinbakk M, Regmi S,
Karkey A, et al. Understanding the mechanisms and drivers
of antimicrobial resistance. Lancet. 2016;387(10014):176-
87. https://doi.org/10.1016/S0140-6736(15)00473-0 PMID:
26603922

Relman DA, Guttmacher AE, Relman DA. Microbial genomics
and infectious diseases. N Engl ) Med. 2011;365(4):347-57.
https://doi.org/10.1056/NEJMrai003071 PMID: 21793746

Surette MD, Wright GD. Lessons from the Environmental
Antibiotic Resistome. Annu Rev Microbiol. 2017;71(1):309-29.
https://doi.org/10.1146/annurev-micro-090816-093420 PMID:
28657887

MacFadden DR, Fisman DN, Hanage WP, Lipsitch M. The
Relative Impact of Community and Hospital Antibiotic Use on
the Selection of Extended-Spectrum Beta-lactamase-Producing
Escherichia coli. Clin Infect Dis. 2018. https://doi.org/10.1093/
cid/ciy978 PMID: 30462185

Wang A, Daneman N, Tan C, Brownstein JS, MacFadden DR.
Evaluating the Relationship Between Hospital Antibiotic Use
and Antibiotic Resistance in Common Nosocomial Pathogens.
Infect Control Hosp Epidemiol. 2017;38(12):1457-63. https://
doi.org/10.1017/ice.2017.222 PMID: 29072150

Change IC. The physical science basis. Contribution of working
group | to the fifth assessment report of the intergovernmental
panel on climate change. USA: Cambridge University Press;
2013.

O’Neill ). Tackling Drug-Resistant Infections Globally: Final
Report and Recommendations. Welcome Trust. May 2016.
Available from: https://wellcomecollection.org/works/
thvwsuba/items?sierrald=b286447978&langCode=eng&canv
as=1

Woolhouse M, Waugh C, Perry MR, Nair H. Global disease
burden due to antibiotic resistance - state of the evidence.

) Glob Health. 2016;6(1):010306. https://doi.org/10.7189/
jogh.06.010306 PMID: 27350872

Abat C, Rolain J-M, Dubourg G, Fournier P-E, Chaudet H,

Raoult D. Evaluating the Clinical Burden and Mortality
Attributable to Antibiotic Resistance: The Disparity of
Empirical Data and Simple Model Estimations. Clin Infect Dis.
2017;65(suppl_1):S58-63. https://doi.org/10.1093/cid/cix346
PMID: 28859341

Tillotson GS, Zinner SH. Burden of antimicrobial resistance in
an era of decreasing susceptibility. Expert Rev Anti Infect Ther.
2017;15(7):663-76. https://doi.org/10.1080/14787210.2017.133
7508 PMID: 28580804

License, supplementary material and copyright

This is an open-access article distributed under the terms of
the Creative Commons Attribution (CC BY 4.0) Licence. You
may share and adapt the material, but must give appropriate
credit to the source, provide a link to the licence and indicate
if changes were made.

11



Any supplementary material referenced in the article can be
found in the online version.

This article is copyright of the authors or their affiliated in-
stitutions, 2020.

12

www.eurosurveillance.org



