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Abstract

For the first time since 2015, the World Health Organization’s (WHO) global Antimicrobial

Resistance and Use Surveillance (GLASS) featured both global reports for antimicrobial

resistance (AMR) and antimicrobial consumption (AMC) data in its annual reports. In this

study we investigated the relationship of AMR with AMC within participating countries

reported in the GLASS 2022 report. Our analysis found a statistically significant correlation

between beta-lactam/cephalosporin and fluoroquinolones consumption and AMR to these

antimicrobials associated with bloodstream E. coli and Klebsiella pneumoniae among the

participating countries (P<0.05). We observed that for every 1 unit increase in defined daily

dose DDD of beta-lactam/cephalosporins and quinolone consumptions among the coun-

tries, increased the recoveries of bloodstream-associated beta-lactam/cephalosporins-

resistant E. coli/Klebsiella spp. by 11–22% and quinolone-resistant E. coli/Klebsiella spp. by

31–40%. When we compared the antimicrobial consumptions between the antimicrobial

ATC (Alphanumeric codes developed by WHO) groups and countries, we observed a statis-

tically significant higher daily consumption of beta-lactam-penicillins (J01C, DDD difference

range: 5.23–8.13) and cephalosporins (J01D, DDD difference range: 2.57–5.13) compared

to other antimicrobial groups among the countries (adjusted for multiple comparisons using

Tukey’s method). Between the participating countries, we observed a statistically significant

higher daily consumption of antimicrobial groups in Iran (DDD difference range: 3.63–4.84)

and Uganda (DDD difference range: 3.79–5.01) compared to other participating countries

(adjusted for multiple comparisons using Tukey’s method). Understanding AMC and how it

relates to AMR at the global scale is critical in the global AMR policy development and imple-

mentation of global antimicrobial stewardship.
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Introduction

Antimicrobial resistance (AMR) is a complex and rapidly evolving challenge that threatens the

very foundation of modern medicine and healthcare [1, 2]. The consequences of AMR are

staggering, in 2019 alone, AMR was estimated to have been responsible for about 1.3 million

deaths globally and it was projected to rise to 10 million yearly by 2050 if nothing was done to

address it [1, 3]. Aside from the deaths due to AMR, it has significantly resulted in increased

costs of health care and services, for example, in the United States alone, more than $4.6 billion

in health care costs annually was attributed to treating six alarming AMR threats [4, 5]. Also,

the economic implication of AMR is on the high side, the World Bank Group simulated about

$1.1 trillion annual global economic loss by 2030 projected to reach $2 trillion annually by

2050 in an optimistic low-AMR scenario [6].

The development of antimicrobial resistance is accelerated by selective pressure exerted by

using and misusing antimicrobials [7]. From an evolutionary perspective, the presence of an

antimicrobial agent provides a selective pressure for AMR development, however, injudicious

use which includes misuse and over-use of antimicrobials rapidly drives the selective pressure

for AMR development [3, 7–10]. For human health, several factors such as consumer or

patient demand for antimicrobials, availability and access to antimicrobials, knowledge about

judicious use of antimicrobials, poor disease diagnosis, and inferior quality of antimicrobials

amongst several others have been reported as key drivers of antimicrobial misuse and over-use

[11–14]. Over the years with the introduction of new antimicrobials and increased use, there

has been increasing development and dissemination of multidrug-resistant (MDR) bacterial

pathogens, such as MDR Mycobacterium tuberculosis, and several MDR hospitals-acquired

infections like E. coli, Acinetobacter baumannii, Klebsiella pneumoniae, Staphylococcus aureus
and Streptococcus pneumoniae [15, 16]. Because of the persistent challenge of AMR, some anti-

microbials have been classified by WHO as critically important to human medicine to tackle

AMR, and within this group, certain antimicrobials considered as the highest priority to treat

MDR bacterial infection are quinolones, third and fourth-generation cephalosporins, macro-

lides and ketolides, and glycopeptides [17, 18]. Also, under the WHO’s AWaRe (Access,

Watch, and Reserve) classification which was developed for evaluation and monitoring the use

of antimicrobials, these critically important antimicrobials mostly belong to the Watch and

Reserve list which are antimicrobial with an elevated risk of bacteria resistance selection and

the last options for human treatment, respectively [17, 19]. However, in recent times there

have been increasing reports of resistance against these highest-priority antimicrobials [20–

22].

In the face of the rapid development of antimicrobial resistance, the surveillance of both

antimicrobial consumption (AMC) and antimicrobial resistance (AMR) are critical tools for

understanding the dynamics of antimicrobial resistance and play a key role in the development

of AMR stewardship programs and policy [23–25]. There have been huge efforts at the

national, regional, and global levels toward AMR/AMC surveillance. For example, the Euro-

pean Antimicrobial Resistance Surveillance Network (EARS-Net) is the largest regional sur-

veillance network in the world consisting of collaborative efforts of 29 countries [26].

Although there has been a constant effort targeted towards the improvement of the various

regional and national surveillance systems, however, several surveillance systems are still faced

with challenges of scarcity of accurate and reliable information, lack of formal framework for

data collection and sharing between laboratory networks, and a limited number of enrolment

by individual countries in the regional surveillance, amongst several others, especially in the

low-income countries (LICs) low and middle-income countries (LMICs) [21, 27, 28]. Because

AMR is a global threat and can easily spread across the world, surveillance on a global scale
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was therefore pertinent to tackle AMR and to strengthen several national and regional surveil-

lance systems [27]. In 2015, the WHO announced its first global collaborative effort to improve

and regulate AMR surveillance as one of the pillars of its global action plan (GAP) for AMR

evidence base which is the Global Antimicrobial Resistance and Use Surveillance System

(GLASS) [28]. In its early implementation between 2015 and 2019, it started with only moni-

toring and reporting AMR rates and trends in common bacteria with 42 countries enrolled by

the end of the first data call in 2017, which later expanded to 126 in the first data call in 2020

[20, 28]. However, global AMC data was reported independently, and the first global AMC

data was published in 2018 with 65 participating countries [29]. AMR and AMC data were

reported together for the first time in the 2022 GLASS report [20].

In the 2022 GLASS report, WHO highlighted elevated levels of AMR, particularly in the

bloodstream causing infection with higher levels of resistance to third-generation cephalospo-

rins in Klebsiella pneumoniae, the third most prevalent pathogen that causes bloodstream

infections which in turn has increased the use of last resort carbapenems and a world-wide

spread of carbapenems-resistance Enterobacterales and high rates of carbapenem and amino-

glycoside resistance in Acinetobacter spp which are of grave concern because carbapenem-

resistant strains are often MDR and have been associated with treatment failures [20, 22, 30].

These resistance levels were strongly associated with the use of antimicrobials driven by several

factors in different countries and regions [11, 12, 31–33]. Being the first time the GLASS report

will be integrating the reports of AMR data with AMC data, the objective of this study was to

associate the reported AMR data with the AMC data in different countries and regions based

on the reported GLASS data, focusing on beta-lactam/cephalosporin and quinolones AMC

data and beta-lactam/cephalosporin and quinolones resistant E. coli and Klebsiella pneumoniae
and also explore the relationship and differences between the AMC data reported among the

participating countries. We have particularly focused this study on E. coli and Klebsiella pneu-
moniae because of the WHO GLASS 2022 highlight of elevated resistance levels in bloodstream

infection which is highly fatal and K. pneumoniae is mostly implicated [20]. Also, E. coli gener-

ally serves as one of the most important indicator organisms for AMR surveillance and moni-

toring. With these, we are more likely to see a more distinct relationship between AMU and

AMR [34, 35]. This analysis would help gain better insight into GLASS data and provide a

future reference for integrated analysis of AMR and AMC data at a global scale.

Materials and methods

Data source and analysis

The data used in this study were extracted from the GLASS report published for 2022. GLASS

is an international collaboration under the World Health Organization devoted to the collec-

tion, integration, and presentation of data on antimicrobial resistance (AMR) and antimicro-

bial consumption (AMC) from the national surveillance systems of the participating countries.

This framework aimed to harmonize the reporting of quality and representative data of AMR

and AMC on a global scale. While 216 countries, territories, and areas (CTAs) are enrolled in

the GLASS program, data availability varies from country to country. However, data on AMC

were available for 26 CTAs for the year 2020. Data on AMC were provided by each country for

different classes of antimicrobials for systemic use using the alphanumeric codes (ATC codes)

developed by the World Health Organization (WHO) for the classification of drugs and other

medical products. The Antimicrobial consumption data were provided by GLASS both in

adjusted and unadjusted measurements, however, for this study, we extracted the AMC data

expressed as a defined daily dose (DDD) adjusted by the population size of each participating

country for Beta-lactam antibacterials, penicillins group (J01C), Other beta-lactam
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antibacterials group (J01D), and Quinolone antibacterials group (J01M). The DDD was pre-

sented as the number of DDDs per 1000 inhabitants per day, which is interpreted as the aver-

age number of individuals per 1000 inhabitants on antimicrobial treatment each day. For the

AMR data, we extracted data on bloodstream infection for beta-lactam and fluoroquinolone-

resistant Escherichia coli and Klebsiella pneumoniae. The AMR data were presented as percent-

age-resistant bacteria isolated from total bacteriologically confirmed infections. For both AMR

and AMC data, our analyses focused on the data for the year 2020.

We used Microsoft Excel for data management. Data were subsequently imported into the

R software environment for analysis using different R packages. We explored the linear rela-

tionship between the AMR and AMC data reported among the countries using Spearman’s

correlation analysis. We also explored the effect of the antimicrobial consumption reported

among the participating countries on the prevalence of beta-lactam and fluoroquinolone-resis-

tant E. coli and Klebsiella pneumoniae using a mixed-effect regression model with the beta dis-

tribution. We further used a multivariable linear regression model to explore the relationship

and differences in the antimicrobial consumption data (DDD) reported among the participat-

ing countries. In this linear model, we used the DDD per 1000 inhabitants per day as the out-

come variable while the country and antimicrobial drug ATC group were predicting variables.

We compared the DDD between the countries and the DDD between the antimicrobial drug

ATC groups. We adjusted for multiple comparisons using Tukey’s method in both cases. Stan-

dard regression model diagnostics were explored for all statistical analyses, statistical signifi-

cance was set at P < 0.05, and all analyses were performed using R software (R version 4.2.2).

Results

From the results of the correlation analysis for beta-lactam resistance and beta-lactam con-

sumption (Fig 1), we observed a statistically significant positive linear association between

bloodstream-associated ceftriaxone-resistant E. coli (rho = 0.56, P = 0.05), bloodstream-associ-

ated ceftazidime-resistant E. coli (rho = 0.64, P = 0.017) and beta-lactam drug consumption

among the countries. Similarly, we observed a statistically significant positive linear association

between bloodstream-associated ceftriaxone-resistant Klebsiella pneumoniae (rho = 0.62,

P = 0.037), bloodstream-associated ceftazidime-resistant Klebsiella pneumoniae (rho = 0.64,

P = 0.017) and beta-lactam drug consumption among the countries. For fluoroquinolone resis-

tance and quinolone consumption correlation analysis (Fig 2), we observed a statistically sig-

nificant positive linear association between bloodstream-associated ciprofloxacin-resistant E.

coli (rho = 0.85, P = 0.000034), bloodstream-associated levofloxacin-resistant E. coli
(rho = 0.83, P = 0.0083) and quinolone consumption among the countries. Similarly, we saw a

statistically significant positive linear association between bloodstream-associated ciprofloxa-

cin-resistant Klebsiella pneumoniae (rho = 0.74, P = 0.0025), bloodstream-associated levofloxa-

cin-resistant Klebsiella pneumoniae (rho = 0.72, P = 0.037) and quinolone consumption

among the countries. From the correlation plots, there was an obvious grouping of the devel-

oping countries and developed countries in terms of the AMC and AMR rates. Developed

countries such as European countries (Germany, Denmark, Sweden, United Kingdom, Bel-

gium) are mostly low antimicrobial consumption-low antimicrobial resistance countries com-

pared to other countries that are most high use-high antimicrobial resistance or low use-high

antimicrobial resistance groups. These groupings were consistent for beta-lactam and fluoro-

quinolone antimicrobial classes.

Using the beta-regression model (Table 1), we observed that for every 1 unit increase in

DDD of beta-lactam/cephalosporins consumption among the countries, the odds of isolation

of bloodstream-associated ceftriaxone-resistant E. coli increased by 22% (OR:1.22, 95%CI:
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1.01–1.48), Also, we observed that for every 1 unit increase in DDD of quinolone consumption

among the countries, the odds of isolation of bloodstream-associated ciprofloxacin-resistant E.

coli increased by 40% (OR:1.40, 95%CI: 1.17–1.67), the odds of isolation of bloodstream-asso-

ciated levofloxacin-resistant E. coli increased by 31% (OR:1.31, 95%CI: 1.15–1.50), the odds of

isolation of bloodstream-associated ciprofloxacin-resistant Klebsiella pneumoniae increased by

37% (OR:1.37, 95%CI: 1.07–1.76), while the odds of isolation of bloodstream-associated levo-

floxacin-resistant Klebsiella pneumoniae increased by 31% (OR:1.31, 95%CI: 1.02–1.68). When

we compared the antimicrobial consumptions between the antimicrobial ATC groups

(Table 2), and countries (Table 3), we observed a statistically significant higher daily consump-

tion of beta-lactam-penicillins (J01C, DDD difference range: 5.23–8.13) and cephalosporins

(J01D, DDD difference range: 2.57–5.13) compared to other antimicrobial groups among the

countries (adjusted for multiple comparisons using Tukey’s method). Between the participat-

ing countries, we observed a statistically significant higher daily consumption of antimicrobial

groups in Iran (DDD difference range: 3.63–4.84) and Uganda (DDD difference range: 3.79–

5.01) compared to other participating countries (adjusted for multiple comparisons using

Tukey’s method).

Discussion

Our study investigated the relationship between antimicrobial resistance (AMR) and antimi-

crobial consumption (AMC) using data from the GLASS report published for 2022. We found

a statistically significant positive linear association between extended-spectrum cephalosporin

(ceftriaxone and ceftazidime) and fluoroquinolone (ciprofloxacin and levofloxacin) -resistant

E. coli and Klebsiella pneumoniae isolated from bloodstream infections and the consumption

Fig 1. Linear association and spearman correlation coefficients between bloodstream ceftriaxone-resistant E. coli and

cephalosporin consumption.

https://doi.org/10.1371/journal.pone.0297921.g001
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of beta-lactam/cephalosporins and quinolones among the participating countries. These find-

ings are consistent with previous research works that have demonstrated the strong association

between antibiotic consumption and the emergence of antibiotic-resistant bacteria [36–38].

The positive linear associations we observed between resistance to ceftriaxone and ceftazidime

Fig 2. Linear association and spearman correlation coefficients between bloodstream ceftazidime-resistant E. coli and

cephalosporin consumption.

https://doi.org/10.1371/journal.pone.0297921.g002

Table 1. Beta regression mixed models of the effect of antimicrobial consumption on the prevalence of beta-lactam and fluoroquinolone-resistant E. coli and Klebsi-
ella spp. from bloodstream infections (the country was taken as a random effect).

Antimicrobial consumption (Variable) Antimicrobial resistance (Outcome) Regression estimates

Odds ratio 95% Confidence interval P-value

Beta-lactam/Cephalosporins Consumption Bloodstream Ceftriaxone-R E. coli 1.22 1.01–1.48 0.0395

Bloodstream Ceftazidime-R E. coli 1.15 0.95–1.37 0.1315

Bloodstream Cefotaxime-R E. coli 1.15 0.94–1.41 0.1810

Bloodstream Cefepime-R E. coli 1.15 0.95–1.39 0.1470

Bloodstream Cefepime-R Klebsiella spp. 1.09 0.89–1.33 0.404

Bloodstream Cefotaxime-R Klebsiella spp. 1.16 0.94–1.45 0.168

Bloodstream Ceftazidime-R Klebsiella spp. 1.20 0.98–1.47 0.0737

Bloodstream Ceftriaxone-R Klebsiella spp. 1.11 0.99–1.25 0.0522

Quinolone Consumption Bloodstream Ciprofloxacin-R E. coli 1.40 1.17–1.67 0.0002

Bloodstream Levofloxacin-R E. coli 1.31 1.15–1.50 <0.0001

Bloodstream Ciprofloxacin-R Klebsiella spp. 1.37 1.07–1.76 0.0118

Bloodstream Levofloxacin-R Klebsiella spp. 1.31 1.02–1.68 0.0341

Statistically significant P-values (p<0.05) are in bold

https://doi.org/10.1371/journal.pone.0297921.t001
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in E. coli and Klebsiella pneumoniae and consumption of the beta-lactam antimicrobial agrees

with previous studies which found increased antibiotic consumption to be associated with

increased resistance in E. coli and K. pneumoniae [39, 40]. Our beta-regression model

(Table 1) indicated a strong association between beta-lactam/cephalosporin antimicrobial con-

sumption and resistance in bloodstream associated E. coli infection. Additionally, our study’s

findings on the positive linear associations between resistance to ciprofloxacin and levofloxa-

cin in E. coli and Klebsiella pneumoniae and quinolone consumption are consistent with previ-

ous research. Okeke et al. emphasized in their study the link between fluoroquinolone usage

and the emergence of resistance in E. coli, particularly in developing countries with less regu-

lated access to antibiotics [41] which is also supported by beta-regression model (Table 1) indi-

cating a stronger association between quinolone consumption and resistance found in

bloodstream E. coli and Klebsiella infection. Ceftriaxone, ciprofloxacin, and levofloxacin fall in

the “Watch” list of the WHO AWaRe antimicrobial classification which includes most of the

highest priority antimicrobials that have an elevated risk of bacterial resistance selection, and

ceftazidime is in the “Reserve” group which are last resort antimicrobial options for human

treatment [17, 19]. The observed resistance to both the “Watch” and “Reserve” antimicrobial

groups in E. coli and Klebsiella pneumoniae bloodstream infection is a huge concern that fur-

ther negatively impacts the clinical outcomes of those infected because bloodstream infections

are usually associated with poor clinical outcomes especially when there is delay diagnosis and

treatment [42–44]. Because there is a scarcity of new antibiotics in development [45, 46], it is

therefore pertinent that these antimicrobial classes be handled judiciously to avoid greater

health disasters.

Furthermore, we observed a consistent and clear divide between developed and developing

countries in terms of AMR in extended-spectrum cephalosporin and fluoroquinolone-

Table 2. Comparison of DDD per 1000 inhabitants per day of antimicrobial consumption between the antimicrobial drug ATC groups. The comparison was

adjusted for multiple comparisons using Tukey’s method. Only marginally and statistically significant differences in group comparisons were presented.

Antimicrobial group comparison DDD difference Standard error P-value

Beta-lactam antibacterials, penicillins (J01C)—Aminoglycoside antibacterials (J01G) 8.13 0.79 <0.0001

Other antibacterials (J01X)—Beta-lactam antibacterials, penicillins (J01C) -7.70 0.78 <0.0001

Intestinal antiinfectives (A07A)—Beta-lactam antibacterials, penicillins (J01C) -8.26 0.90 <0.0001

Sulfonamides and trimethoprim (J01E)—Beta-lactam antibacterials, penicillins (J01C) -7.44 0.80 <0.0001

Beta-lactam antibacterials, penicillins (J01C)—Agents against amoebiasis and other protozoal diseases (P01A) 7.06 0.78 <0.0001

Beta-lactam antibacterials, penicillins (J01C)—Amphenicols (J01B) 8.32 0.95 <0.0001

Tetracyclines (J01A)—Beta-lactam antibacterials, penicillins (J01C) -6.62 0.79 <0.0001

Quinolone antibacterials (J01M)—Beta-lactam antibacterials, penicillins (J01C) -6.28 0.78 <0.0001

Combinations of antibacterials (J01R)—Beta-lactam antibacterials, penicillins (J01C) -8.70 1.25 <0.0001

Macrolides, lincosamides and streptogramins (J01F)—Beta-lactam antibacterials, penicillins (J01C) -5.23 0.78 <0.0001

Other beta-lactam antibacterials (J01D)—Beta-lactam antibacterials, penicillins (J01C) -5.13 0.78 <0.0001

Other beta-lactam antibacterials (J01D)—Aminoglycoside antibacterials (J01G) 2.99 0.79 0.010

Macrolides, lincosamides and streptogramins (J01F)—Aminoglycoside antibacterials (J01G) 2.89 0.79 0.017

Other beta-lactam antibacterials (J01D)—Intestinal antiinfectives (A07A) 3.14 0.90 0.028

Macrolides, lincosamides and streptogramins (J01F)—Intestinal antiinfectives (A07A) 3.03 0.90 0.040

Other beta-lactam antibacterials (J01D)—Amphenicols (J01B) 3.19 0.95 0.044

Other beta-lactam antibacterials (J01D)—Other antibacterials (J01X) 2.57 0.78 0.051

Macrolides, lincosamides and streptogramins (J01F)—Amphenicols (J01B) 3.09 0.95 0.061

Other antibacterials (J01X)—Macrolides, lincosamides and streptogramins (J01F) -2.46 0.78 0.075

Statistically significant P-values (p<0.05) are in bold

https://doi.org/10.1371/journal.pone.0297921.t002
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resistant E. coli and Klebsiella pneumoniae isolated from bloodstream infections and the con-

sumption of beta-lactam/cephalosporins and quinolones among the participating countries

(Figs 1–8). Developed countries such as Germany, Denmark, Sweden, the United Kingdom

(UK), and Belgium were classified as low consumption-low resistance countries, while other

countries fell into either the high consumption-high resistance or low consumption-high resis-

tance categories. This clustering of countries in the correlation plots can be attributed to sev-

eral reasons. All countries in the low consumption–low resistance in our correlation plot

except Brunei Darussalam, are part of the European Union (EU), which has the most advanced

AMR stewardship, surveillance, and monitoring system globally coordinated by the European

Antimicrobial Resistance Surveillance Network (EARS-Net) [26, 27]. The UK has been actively

engaged in combating antimicrobial resistance (AMR) through various stewardship programs.

A notable initiative is the national antimicrobial stewardship strategy, developed in 2013

focused on enhancing knowledge and understanding of AMR, preserving the effectiveness of

existing antimicrobials, and promoting the development of new antimicrobials. This initiative

was succeeded by another 5-year One Health national action plan (NAP) in 2019 to control

AMR using a broader multisectoral approach [47, 48]. These efforts have led to significant

improvements in antimicrobial usage and clinical outcomes in the UK [47, 49]. Sweden has

been at the forefront of combating antimicrobial resistance (AMR) with targeted and effective

political commitments dating back from the mid-to-late 1990s and has a well-established and

comprehensive multisectoral framework to address AMR, resulting in significant reductions

in antimicrobial consumption and the prevalence of AMR over the years [50, 51]. Sweden’s

successful efforts in controlling AMC make it one of the lowest antimicrobial consumers in

Europe[26, 50, 52]. Germany has made significant strides in combating antimicrobial

Table 3. Comparison of DDD per 1000 inhabitants per day of antimicrobial consumption between the countries. The comparison was adjusted for multiple compari-

sons using Tukey’s method. Only marginally and statistically significant differences in group comparison were presented.

Country comparison DDD difference standard error P-value

Uganda—Brunei Darussalam 5.01 1.05 0.0007

Uganda–Ivory Coast 4.87 1.05 0.0012

Brunei Darussalam–Iran -4.84 1.08 0.0019

Ivory Coast—Iran -4.70 1.08 0.0034

Uganda–Germany 4.61 1.06 0.0035

Uganda–Bhutan 4.57 1.05 0.0038

Uganda–Sweden 4.45 1.06 0.0061

Germany–Iran -4.44 1.07 0.0080

Bhutan—Iran -4.40 1.08 0.0097

Uganda–Peru 4.17 1.03 0.0112

Sweden—Iran -4.29 1.07 0.0132

Uganda–Benin 3.89 1.00 0.0197

Uganda–Denmark 4.07 1.06 0.0217

Peru–Iran -4.01 1.05 0.0245

United Kingdom–Uganda -3.86 1.03 0.0309

Uganda–Belgium 3.79 1.03 0.0372

Denmark–Iran -3.90 1.07 0.0431

Benin–Iran -3.73 1.04 0.0481

United Kingdom–Iran -3.70 1.05 0.0609

Belgium–Iran -3.63 1.05 0.0749

Statistically significant P-values (p < 0.05) are in bold

https://doi.org/10.1371/journal.pone.0297921.t003
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Fig 3. Linear association and spearman correlation coefficients between bloodstream ceftriaxone-resistant Klebsiella spp. and

cephalosporin consumption.

https://doi.org/10.1371/journal.pone.0297921.g003

Fig 4. Linear association and spearman correlation coefficients between bloodstream ceftazidime resistant Klebsiella spp. and

cephalosporin consumption.

https://doi.org/10.1371/journal.pone.0297921.g004
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Fig 5. Linear association and spearman correlation coefficients between bloodstream ciprofloxacin-resistant E. coli and

quinolone consumption.

https://doi.org/10.1371/journal.pone.0297921.g005

Fig 6. Linear association and spearman correlation coefficients between bloodstream levofloxacin-resistant E. coli and

quinolone consumption.

https://doi.org/10.1371/journal.pone.0297921.g006
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Fig 7. Linear association and spearman correlation coefficients between bloodstream ciprofloxacin resistant Klebsiella spp. and

quinolone consumption.

https://doi.org/10.1371/journal.pone.0297921.g007

Fig 8. Linear association and spearman correlation coefficients between bloodstream levofloxacin resistant Klebsiella spp. and

quinolone consumption.

https://doi.org/10.1371/journal.pone.0297921.g008
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resistance (AMR) through its national action plan, "DART 2020," which was set up in 2015

[53]. DART 2020 was a collaborative effort across multiple sectors to address AMR compre-

hensively and the implementation of this action plan has yielded positive results, as shown by

the drastic reduction in antimicrobial consumption in Germany from 2016 to 2021, as

reported by the EU annual AMC report [26]. This reduction in antimicrobial usage directly

affected the AMR profile in the country during the same period and specifically, there was a

notable decrease in combined resistance to third-generation cephalosporins, fluoroquinolones,

and aminoglycosides in bacteria such as E. coli and K. pneumoniae [54, 55]. These achieve-

ments highlight the effectiveness of targeted efforts in combating AMR and serve as solid evi-

dence of the importance of a coordinated approach to address the AMR global challenge.

Aside from these European countries, Brunei, a south-eastern Asian country, also consistently

falls under the low-consumption and low-resistance category in the correlation plots. Brunei

Darussalam is a high-income country with an estimated population of less than 500, 000

which may be an advantage of an efficient and less pressurized healthcare system [56]. As part

of Brunei’s national action plan, there is a policy in place that restricts the availability of anti-

microbials to prescription-only medicine [57]. Although, the observed low AMR is linked to

low AMC generally, however, this may be an incomplete picture of what is truly obtainable in

Brunei Darussalam, because AMR surveillance systems in the south-eastern Asia region were

not fully developed and the AMC rates reported for Brunei Darussalam only covered the num-

ber of antimicrobials used solely in the public health care sector which is an incomplete cover-

age of AMC [27, 29].

The low consumption-high resistance category was consistently associated with countries

such as Bhutan, Peru, and Ivory Coast which are low and middle-income countries LMICs.

The multiple comparisons of AMC rates amongst countries from Table 3. showed that the

Ivory Coast and Peru particularly had significantly lower (p< 0.05) consumption rates than

Iran and Uganda which are classified under the high consumption- high resistance category in

the correlation plots and Bhutan was also found to have significantly lower (p< 0.05) AMC

compared to only Iran. From the GLASS report, the AMC records sources for Peru and Bhu-

tan have their AMC data from hospitals, pharmacies, and central drug stores which usually

give a better estimate of AMC compared to the Ivory Coast records that were solely from

wholesale records [29, 58]. In Bhutan, access to antimicrobials for systemic use in humans is

carefully regulated by the government and dependent on prescriptions from pharmacies in

healthcare facilities controlled by the government [29, 58]. Although, a study on trends in anti-

microbial consumption in Bhutan, reported that overall AMC had consistently increased from

2017–2019 which could contribute to increased bacteria resistance, however, AMC in Bhutan

was still lower than the EU average [58]. The 2021 WHO Tripartite AMR Country Self-Assess-

ment Survey (TrACSS) for Bhutan indicates progress in AMR and AMC surveillance in

humans and animals. However, there is a need to enhance capacity for optimizing antimicro-

bial use in plant production and reducing infection rates.[59]. These may be possible reasons

for elevated and persisting resistance despite significant measures to reduce human consump-

tion of antimicrobials. Furthermore, information relating to AMR specifically beta-lactam and

quinolone resistance in Bhutan is sparse in the literature which limits our view of AMR

dynamics in Bhutan.

Similarly, Peru had well developed AMR and AMC surveillance and monitoring system in

humans and also a developed capacity to reduce the incidence of infection compared to Bhu-

tan, however, it had no capacity for AMR surveillance in animals and also a poor capacity in

optimizing AMC in animals and for plant production from the 2021 TrACSS report [60],

which may be a major driving factor for AMR in Peru. Indiscriminate and overuse of antimi-

crobials in livestock as prophylaxis and growth promotion could be a major contributing
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factor to the relatively high resistance, a study showed a highly significant correlation in the

resistance to fluoroquinolones and third-generation cephalosporins between E. coli from

human bloodstream infection and E. coli isolates from poultry, pigs, and cattle and this sup-

ports our assertion that asides from human AMC, livestock AMC could also be a significant

AMR driver in humans [61, 62]. For Ivory Coast, the 2021 TrACSS report showed that AMR

and AMC surveillance in human animal, and plant production is not well developed [63], and

the observed low resistance could be due to the possibility of data underreporting. Surveillance

records from LMICs are still largely inconsistent due to data underreporting challenges [20,

29, 64]. Accessing antimicrobials in LMICs at the community level poses significant chal-

lenges, one key challenge is the widespread availability of antimicrobials without proper autho-

rization or prescription, known as non-licensed dispensing [65–67]. Batista A. D et al.,

systematic review study found that more than 60% of antimicrobials were dispensed without

prescription in 83% (49 of 59) studies done in LMICs [68]. In addition, the notable prevalence

of non-licensed dispensing of antimicrobials is fueled by the practice of self-medication, a

study reported that about 60% of individuals interviewed had bought antimicrobials for self-

medication from selected private pharmacies in Abidjan, Ivory Coast [69]. This behavior of

self-medication is motivated by factors such as convenience, low cost, and the belief that it is

less time-consuming compared to seeking healthcare services [65]. However, unregulated

access to antimicrobials can contribute to inappropriate and excessive usage, which in turn

fuels the development and transmission of antimicrobial resistance. AMC data from these

practices cannot be easily accounted for and usually go unreported making the average con-

sumption data reported lower than actual values. In addition, some studies have found beta-

lactams/ cephalosporins and fluoroquinolones as antimicrobials often used for self-medication

which may be an explanation for the observed low-consumption and high resistance found in

these LMICs [68, 70]. Additionally, the paradox of LMICs exhibiting high resistance despite

low antimicrobial consumption could be attributed to a lack of resources for implementing

interventions such as infection control [71–73]. This underscores the significance of consider-

ing socio-economic factors and resource constraints in addressing antimicrobial resistance

(AMR) effectively.

Cyprus, Iran, Egypt, Jordan, and Uganda stand out consistently in the high consumption-

high resistance category in all correlation plots which underscores the fact that AMR knows

no boundaries, affecting both low and high-income countries alike, and its magnitude is inex-

tricably linked to the extent of AMC, although, low income and middle-income countries are

more affected [74]. Cyprus is under the European Union (EU) which has the best regional

efforts towards surveillance, however, several studies have shown that Cyprus is one of the top

users of antibiotics in both community and hospital settings within Europe [54, 75, 76]. Within

hospitals in Cyprus, extended-spectrum antibiotics such as third and fourth-generation cepha-

losporins, fluoroquinolones, and carbapenems make up over 50% of the antibiotics used, and

community antimicrobial consumption was driven by easy access to antimicrobials and lack

of knowledge of AMC indications and AMR [76–78]. In 2014, WHO reported high E. coli
resistance to third-generation cephalosporin (41%) and Fluoroquinolones (54%) and Klebsiella
pneumonia to third-generation cephalosporin (48%), and Carbapenems (54%) in Iran [27].

Also, extremely high rates of resistance have been reported constantly in Iran in all WHO

GLASS reports, although it had few surveillance sites ranging from 12 in the 2017–2018 WHO

early implementation GLASS reports to 16 in the 2021 GLASS report [20, 28, 79]. However,

other independent studies also confirmed high bacterial resistance rates in Iran which have

been attributed to the misuse of antimicrobials [80–83].

Iran is an upper- and middle-income level country and has significant endeavors towards

promoting rational use of antimicrobials, however, irrational, and unlawful prescription of
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antimicrobials, and self-medication still largely persists [84–87]. The multiple comparisons of

our beta regression model (Table 3) showed that Iran had significantly higher (p< 0.05) AMC

rates compared to any other country other than Uganda, and this confirms AMC is a major

precipitator of AMR in Iran. Most Low-income, and Low and middle-income countries such

as Egypt, Jordan, and Uganda, have high disease burdens and high resistance rates due to poor

healthcare infrastructures, scarce economic resources, little or no legislative enforcement

toward controlling antimicrobial access and use, poor education, and AMR awareness and

ineffective AMR supply chain [23, 27, 71, 88–91]. Uganda stands out amongst the 3 from our

analysis as having significantly higher rates of AMC compared to any other country (Table 3),

which points out AMC as an important driver of AMR in Uganda. Although, limited informa-

tion exists about the actual magnitude of the antimicrobial resistance (AMR) issue in LICs and

LMICs due to inadequate and unreliable AMR surveillance systems, however, consistently

high AMR resistance rates have been reported in LICs and LMICs in all WHO GLASS reports

over the years and several independent studies [20, 28]. Also, the observed high consumption

and high resistance could be attributed to an inefficient supply chain of antimicrobials leading

to the inappropriate use of alternative drugs and escalating the risk of antimicrobial resistance

[91, 92].

Focusing on global AMC, based on antimicrobial type/class, we noted a significant contrast

of high daily usage of beta-lactam-penicillins and cephalosporins compared to other types of

antimicrobials. These classes of antimicrobials, particularly beta-lactams-penicillins, constitute

more than 60% of antimicrobials being produced, also, they are considered an empirical ther-

apy for most bacterial infections, especially in developing countries with poor health and diag-

nostics facilities and a high prevalence of self-medication and non-prescription antimicrobial

consumption [36, 93–95]. The overall availability and accessibility of these antimicrobial clas-

ses contribute to the higher consumption rates [91]. The insufficient awareness and under-

standing of antimicrobial usage and indications contribute to the indiscriminate use of beta-

lactams (penicillin) and cephalosporins for treating conditions like colds, flu, and other viral

infections, exacerbating the inappropriate utilization of these antimicrobial classes.[93, 96, 97].

Our study has some limitations that warrant consideration. Firstly, we acknowledge the

constraint of having AMC data available for only 26 countries, with limited complete coverage

in AMR and AMC data reported. This may result in a skewed representation that does not

fully capture global patterns. Secondly, our focus on E. coli and K. pneumoniae associated with

bloodstream infection represents only a fraction of resistant bacteria reported in the 2022

GLASS report. As such, it may not provide a comprehensive view of the relationship between

AMC and AMR across various bacterial strains. Thirdly, it’s important to note that the GLASS

data utilized in our study is based solely on 2020 data, which may not accurately reflect recent

shifts in antimicrobial consumption or resistance trends. Despite these limitations, our

research provides valuable insights into the intricate relationship between antimicrobial con-

sumption and resistance at both national and global scales. These insights have the potential to

inform and guide the development of effective global public health policies and intervention

strategies aimed at combating the pervasive threat of antimicrobial resistance.

Conclusion

These observations underscore the necessity for enhanced antimicrobial stewardship (AMS)

and improved surveillance systems in both developed and developing countries to curtail the

emergence and dissemination of antimicrobial resistance. AMS is a critical tool to combat

AMR and it involves a well-organized set of actions that advocates for and promotes responsi-

ble use of antimicrobials which could be at an individual, national, and global level and
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encompassing various aspects such as human health, animal health, and environmental con-

siderations [49, 74, 98].

Our observation in this study clearly shows that reduced AMC is strongly associated with

reduced AMR rates and most developed countries like the United Kingdom, United States,

and Sweden have well-developed and robust AMS programs through national action plans

and strategies, enforcing regulatory policies for AMC, multisectoral and one-health collabora-

tions, and constantly improving AMR/AMC surveillance systems [49–51, 99], and this has led

to the overall reductions of both AMC and AMR rates as opposed to most developing coun-

tries without well-developed AMS and surveillance programs. Due to globalization as a result

of travel and trade, resistant pathogens can easily spread from one country to another [100,

101], several studies have shown that individuals who traveled from high-income countries to

certain low and middle-income countries (LMICs) returned with increased AMR bacteria

resistance after screening before and after travels [102–104]. Therefore, increasing efforts must

be targeted towards strengthening AMS and surveillance systems, especially in LMICs and

LICs.

This study also highlights the significance of integrated surveillance of AMR which encom-

passes integration and analysis of both AMR and AMC surveillance data at the one health

interface [51, 89, 105]. Analysis of both AMR and AMC data provides more insight into the

trends of AMR, and the impact of AMC on AMR which improves policy action and planning

for AMS programs [106]. Although our study focuses on only human AMC and AMR data,

integrating and analyzing AMC and AMR in the One Health interface is very critical to prop-

erly understanding the drivers of AMR [31], and studies have established that AMC and AMR

in animals and environment could also drive AMR in humans [38, 107].
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14. Chaw PS, Höpner J, Mikolajczyk R. The knowledge, attitude, and practice of health practitioners

towards antibiotic prescribing and resistance in developing countries systematic review. J Clin Pharm

Ther. 2018; 43(5):606–13. Epub 2018/07/01. https://doi.org/10.1111/jcpt.12730 PMID: 29959783.

15. Spellberg B, Gilbert DN. The future of antibiotics and resistance: a tribute to a career of leadership by

John Bartlett. (1537–6591 (Electronic)). https://doi.org/10.1093/cid/ciu392 PMID: 25151481

16. Davies J, Davies D. Origins and evolution of antibiotic resistance. Microbiol Mol Biol Rev. 2010; 74

(3):417–33. Epub 2010/09/02. https://doi.org/10.1128/MMBR.00016-10 PMID: 20805405; PubMed

Central PMCID: PMC2937522.

17. World Health Organization (WHO). Critically important antimicrobials for human medicine: 6th revi-

sion. 2019.

18. Collignon PC, Conly JM, Andremont A, McEwen SA, Aidara-Kane A, for the World Health Organiza-

tion Advisory Group BMoISoAR, et al. World Health Organization Ranking of Antimicrobials According

to Their Importance in Human Medicine: A Critical Step for Developing Risk Management Strategies

to Control Antimicrobial Resistance From Food Animal Production. Clinical Infectious Diseases. 2016;

63(8):1087–93. https://doi.org/10.1093/cid/ciw475 PMID: 27439526

19. World Health Organization (WHO). WHO Access, Watch, Reserve (AWaRe) classification of antibiot-

ics for evaluation and monitoring of use, 2021. In: WHO-HMP-HPS-EML-2021.04-eng, editor. 2021.

20. World Health Organization (WHO). Global Antimicrobial Resistance and Use Surveillance System

(GLASS) Report 2022. 2022.

21. Codjoe FS, Donkor ES. Carbapenem Resistance: A Review. Med Sci (Basel). 2017; 6(1). Epub 2017/

12/22. https://doi.org/10.3390/medsci6010001 PMID: 29267233; PubMed Central PMCID:

PMC5872158.

22. Meletis G. Carbapenem resistance: an overview of the problem and future perspectives. Ther Adv

Infect Dis. 2016; 3(1):15–21. Epub 2016/02/11. https://doi.org/10.1177/2049936115621709 PMID:

26862399; PubMed Central PMCID: PMC4735501.

23. Diallo OO, Baron SA, Abat C, Colson P, Chaudet H, Rolain J-M. Antibiotic resistance surveillance sys-

tems: A review. Journal of Global Antimicrobial Resistance. 2020; 23:430–8. https://doi.org/10.1016/j.

jgar.2020.10.009 PMID: 33176216

PLOS ONE Relationship between antimicrobial resistance and antimicrobial consumption

PLOS ONE | https://doi.org/10.1371/journal.pone.0297921 February 5, 2024 16 / 21

https://doi.org/APO-63983
https://doi.org/APO-63983
https://doi.org/10.1093/cid/ciaa1581
https://doi.org/10.1093/cid/ciaa1581
http://www.ncbi.nlm.nih.gov/pubmed/33512523
https://dx.doi.org/10.15620/cdc:82532
https://doi.org/10.1016/j.cmi.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/27021418
https://doi.org/10.1073/pnas.1809354115
https://doi.org/10.1073/pnas.1809354115
http://www.ncbi.nlm.nih.gov/pubmed/30087189
https://doi.org/10.1001/jama.2016.4151
http://www.ncbi.nlm.nih.gov/pubmed/27139059
https://doi.org/10.1016/S2214-109X%2821%2900085-1
http://www.ncbi.nlm.nih.gov/pubmed/33713631
https://doi.org/10.1016/j.ijantimicag.2017.04.009
http://www.ncbi.nlm.nih.gov/pubmed/28668688
https://doi.org/10.1016/j.sjbs.2017.01.004
https://doi.org/10.1016/j.sjbs.2017.01.004
http://www.ncbi.nlm.nih.gov/pubmed/28490950
https://doi.org/10.4103/jgid.jgid%5F110%5F18
http://www.ncbi.nlm.nih.gov/pubmed/30814834
https://doi.org/10.1111/jcpt.12730
http://www.ncbi.nlm.nih.gov/pubmed/29959783
https://doi.org/10.1093/cid/ciu392
http://www.ncbi.nlm.nih.gov/pubmed/25151481
https://doi.org/10.1128/MMBR.00016-10
http://www.ncbi.nlm.nih.gov/pubmed/20805405
https://doi.org/10.1093/cid/ciw475
http://www.ncbi.nlm.nih.gov/pubmed/27439526
https://doi.org/10.3390/medsci6010001
http://www.ncbi.nlm.nih.gov/pubmed/29267233
https://doi.org/10.1177/2049936115621709
http://www.ncbi.nlm.nih.gov/pubmed/26862399
https://doi.org/10.1016/j.jgar.2020.10.009
https://doi.org/10.1016/j.jgar.2020.10.009
http://www.ncbi.nlm.nih.gov/pubmed/33176216
https://doi.org/10.1371/journal.pone.0297921


24. Tacconelli E, Sifakis F, Harbarth S, Schrijver R, van Mourik M, Voss A, et al. Surveillance for control of

antimicrobial resistance. The Lancet Infectious Diseases. 2018; 18(3):e99–e106. https://doi.org/10.

1016/S1473-3099(17)30485-1 PMID: 29102325

25. World Health Organization (WHO). Global Action Plan on Antimicrobial Resistance. 2015.

26. European Centre for Diseases Control and Prevention (European CDC). Antimicrobial consumption in

the EU/EEA (ESAC-Net) Annual Epidemiological Report for 2021. 2021.

27. World Health Organization (WHO). ANTIMICROBIAL RESISTANCE: Global Report on Surveillance.

2014.

28. World Health Organization (WHO). Global Antimicrobial Resistance Surveillance System (GLASS)

Report Early implementation 2017–18. 2018.

29. World Health Organization (WHO). WHO Report on Surveillance of Antibiotic Consumption: 2016–

2018 Early Implementation. Report. 2018.

30. Li Y, Kumar S, Zhang L, Wu H. Klebsiella pneumonia and Its Antibiotic Resistance: A Bibliometric

Analysis. Biomed Res Int. 2022; 2022:1668789. Epub 2022/06/17. https://doi.org/10.1155/2022/

1668789 PMID: 35707374; PubMed Central PMCID: PMC9192197.
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51. Eriksen J, Björkman I, Röing M, Essack SY, Stålsby Lundborg C. Exploring the One Health Perspec-

tive in Sweden’s Policies for Containing Antibiotic Resistance. Antibiotics (Basel). 2021; 10(5). Epub

2021/06/03. https://doi.org/10.3390/antibiotics10050526 PMID: 34063697; PubMed Central PMCID:

PMC8147834.

52. Time M, Veggeland F. Adapting to a Global Health Challenge: Managing Antimicrobial Resistance in

the Nordics. Politics and Governance. 2020; 8:53–64. https://doi.org/10.17645/pag.v8i4.3356

53. The Federal Government of Germany. DART 2020: Fourth interim report. 2019.

54. CDC) ECfDCaPE. Surveillance of antimicrobial resistance in Europe–annual report of the European

Antimicrobial Resistance Surveillance Network (EARS-Net) 2017. European Centre for Disease Pre-

vention and Control Solna, Sweden; 2018.

55. European Centre for Diseases Control and Prevention (European CDC). Antimicrobial Resistance

Surveillance in Europe. 2022.

56. The World Bank. Brunei Darussalam. In: The World Bank, editor. 2023.

57. Ministry of Health (MoH) and Ministry of Primary Resources and Tourism (MPRT) BD. Brunei Darus-

salam Antimicrobial Resistance National Action Plan, 2019–2023.

58. Tshering T, Wangda S, Buising K. Trends in antimicrobial consumption in Bhutan. IJID Reg. 2021;

1:65–71. Epub 2022/06/28. https://doi.org/10.1016/j.ijregi.2021.09.009 PMID: 35757828; PubMed

Central PMCID: PMC9216644.

59. World Health Organization (WHO). 2021 TrACSS Country Report on the Implementation of National

Action Plan on Antimicrobial Resistance (AMR), Bhutan. 2021.

60. World Health Organization (WHO). 2021 TrACSS Country Report on the Implementation of National

Action Plan on Antimicrobial Resistance (AMR), Peru. 2021.

61. Association Between Antimicrobial Resistance in Escherichia coli Isolates from Food Animals and

Blood Stream Isolates from Humans in Europe: An Ecological Study. Foodborne Pathogens and Dis-

ease. 2011; 8(12):1295–301. https://doi.org/10.1089/fpd.2011.0950 PMID: 21883007.

62. Lazarus B, Paterson DL, Mollinger JL, Rogers BA. Do Human Extraintestinal Escherichia coli Infec-

tions Resistant to Expanded-Spectrum Cephalosporins Originate From Food-Producing Animals? A

Systematic Review. Clinical Infectious Diseases. 2014; 60(3):439–52. https://doi.org/10.1093/cid/

ciu785 PMID: 25301206

63. World Health Organization (WHO). 2021 TrACSS Country Report on the Implementation of National

Action Plan on Antimicrobial Resistance (AMR), Cote d’Ivoire. 2021.

64. Browne AJ, Chipeta MG, Haines-Woodhouse G, Kumaran EPA, Hamadani BHK, Zaraa S, et al.

Global antibiotic consumption and usage in humans, 2000–18: a spatial modeling study. (2542–5196

(Electronic)).

65. Do NTT, Vu HTL, Nguyen CTK, Punpuing S, Khan WA, Gyapong M, et al. Community-based antibiotic

access and use in six low-income and middle-income countries: a mixed-method approach. Lancet

Glob Health. 2021; 9(5):e610–e9. Epub 2021/03/14. https://doi.org/10.1016/S2214-109X(21)00024-3

PMID: 33713630; PubMed Central PMCID: PMC8050200.

66. Sakeena MHF, Bennett AA, McLachlan AJ. Non-prescription sales of antimicrobial agents at commu-

nity pharmacies in developing countries: a systematic review. International Journal of Antimicrobial

Agents. 2018; 52(6):771–82. https://doi.org/10.1016/j.ijantimicag.2018.09.022 PMID: 30312654

PLOS ONE Relationship between antimicrobial resistance and antimicrobial consumption

PLOS ONE | https://doi.org/10.1371/journal.pone.0297921 February 5, 2024 18 / 21

https://doi.org/10.12688/f1000research.18302.1
https://doi.org/10.12688/f1000research.18302.1
http://www.ncbi.nlm.nih.gov/pubmed/30906539
http://www.ncbi.nlm.nih.gov/pubmed/25859123
https://doi.org/10.3390/antibiotics4040467
https://doi.org/10.3390/antibiotics4040467
http://www.ncbi.nlm.nih.gov/pubmed/27025636
https://doi.org/10.1016/j.jhin.2019.02.019
http://www.ncbi.nlm.nih.gov/pubmed/30826342
https://doi.org/10.1007/s40121-015-0080-z
http://www.ncbi.nlm.nih.gov/pubmed/26362295
https://doi.org/10.3390/antibiotics10050526
http://www.ncbi.nlm.nih.gov/pubmed/34063697
https://doi.org/10.17645/pag.v8i4.3356
https://doi.org/10.1016/j.ijregi.2021.09.009
http://www.ncbi.nlm.nih.gov/pubmed/35757828
https://doi.org/10.1089/fpd.2011.0950
http://www.ncbi.nlm.nih.gov/pubmed/21883007
https://doi.org/10.1093/cid/ciu785
https://doi.org/10.1093/cid/ciu785
http://www.ncbi.nlm.nih.gov/pubmed/25301206
https://doi.org/10.1016/S2214-109X%2821%2900024-3
http://www.ncbi.nlm.nih.gov/pubmed/33713630
https://doi.org/10.1016/j.ijantimicag.2018.09.022
http://www.ncbi.nlm.nih.gov/pubmed/30312654
https://doi.org/10.1371/journal.pone.0297921


67. Chang J, Xu S, Zhu S, Li Z, Yu J, Zhang Y, et al. Assessment of non-prescription antibiotic dispensing

at community pharmacies in China with simulated clients: a mixed cross-sectional and longitudinal

study. Lancet Infect Dis. 2019; 19(12):1345–54. Epub 2019/10/08. https://doi.org/10.1016/S1473-

3099(19)30324-X PMID: 31588042.

68. Batista AD, D AR, Figueiras A, Zapata-Cachafeiro M, Roque F, Herdeiro MT. Antibiotic Dispensation

without a Prescription Worldwide: A Systematic Review. Antibiotics (Basel). 2020; 9(11). Epub 2020/

11/12. https://doi.org/10.3390/antibiotics9110786 PMID: 33171743; PubMed Central PMCID:

PMC7694985.

69. Hounsa A, Kouadio L, De Mol P. [Self-medication with antibiotics obtained from private pharmacies in

Abidjan, Ivory Coast]. Med Mal Infect. 2010; 40(6):333–40. Epub 2009/12/03. https://doi.org/10.1016/

j.medmal.2009.10.002 PMID: 19951830.

70. Alhomoud F, Aljamea Z, Almahasnah R, Alkhalifah K, Basalelah L, Alhomoud FK. Self-medication and

self-prescription with antibiotics in the Middle East- do they really happen? A systematic review of the

prevalence, possible reasons, and outcomes. Int J Infect Dis. 2017; 57:3–12. Epub 2017/01/24.

https://doi.org/10.1016/j.ijid.2017.01.014 PMID: 28111172.

71. Pokharel S, Raut S, Adhikari B. Tackling antimicrobial resistance in low-income and middle-income

countries. BMJ Glob Health. 2019; 4(6):e002104. Epub 20191110. https://doi.org/10.1136/bmjgh-

2019-002104 PMID: 31799007; PubMed Central PMCID: PMC6861125.

72. Raut S, Adhikari B. Global leadership against antimicrobial resistance ought to include developing

countries. Lancet Infect Dis. 2016; 16(7):775. https://doi.org/10.1016/S1473-3099(16)30078-0 PMID:

27352753.

73. Bloom G, Merrett GB, Wilkinson A, Lin V, Paulin S. Antimicrobial resistance and universal health cov-

erage. BMJ Glob Health. 2017; 2(4):e000518. Epub 20171031. https://doi.org/10.1136/bmjgh-2017-

000518 PMID: 29225955; PubMed Central PMCID: PMC5717966.

74. World Health Organization (WHO). ANTIMICROBIAL STEWARDSHIP PROGRAMMES IN HEALTH-

CARE FACILITIES IN LOW AND MIDDLE-INCOME COUNTRIES: A WHO PRACTICAL TOOL KIT.

2019.

75. Michaelidou M, Karageorgos SA, Tsioutis C. Antibiotic Use and Antibiotic Resistance: Public Aware-

ness Survey in the Republic of Cyprus. Antibiotics (Basel). 2020; 9(11). Epub 2020/11/05. https://doi.

org/10.3390/antibiotics9110759 PMID: 33143207; PubMed Central PMCID: PMC7692346.

76. Suetens C, Latour K, Kärki T, Ricchizzi E, Kinross P, Moro ML, et al. Prevalence of healthcare-associ-

ated infections, estimated incidence and composite antimicrobial resistance index in acute care hospi-

tals and long-term care facilities: results from two European point prevalence surveys, 2016 to 2017.

Euro Surveill. 2018; 23(46). Epub 2018/11/22. https://doi.org/10.2807/1560-7917.ES.2018.23.46.

1800516 PMID: 30458912; PubMed Central PMCID: PMC6247459.

77. Rousounidis A, Papaevangelou V, Hadjipanayis A, Panagakou S, Theodoridou M, Syrogiannopoulos

G, Hadjichristodoulou C. Descriptive study on parents’ knowledge, attitudes and practices on antibiotic

use and misuse in children with upper respiratory tract infections in Cyprus. Int J Environ Res Public

Health. 2011; 8(8):3246–62. Epub 2011/09/13. https://doi.org/10.3390/ijerph8083246 PMID:

21909304; PubMed Central PMCID: PMC3166740.
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