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Abstract
Background In Europe, Serbia occupies a high position in antibiotic utilization and antimicrobial resistance (AMR).
Aim The aim was to analyse utilization trends of meropenem, ceftazidime, aminoglycosides, piperacillin/tazobactam and 
fluoroquinolones (2006–2020), and the reported AMR in Pseudomonas aeruginosa (2013–2020) in Serbia and to compare 
with data from eight European countries (2015–2020).
Method Joinpoint regression was used to analyse antibiotic utilization data (2006–2020) and the reported AMR in Pseu-
domonas aeruginosa (2013–2020). Data sources were relevant national and international institutions. Antibiotic utilization 
and AMR in Pseudomonas aeruginosa data in Serbia were compared with eight European countries.
Results There was a significantly increased trend for ceftazidime utilization and reported resistance in Pseudomonas aer-
uginosa, Serbia (p < 0.05) (2018–2020). For ceftazidime, piperacillin/tazobactam, and fluoroquinolones resistances in Pseu-
domonas aeruginosa an increased trend was observed, Serbia (2013–2020). A decrease in both the utilization of aminogly-
cosides, Serbia (p < 0.05) (2006–2018) and contemporaneous Pseudomonas aeruginosa resistance (p > 0.05) was detected. 
Fluoroquinolone utilization (2015–2020) was highest in Serbia compared to Netherlands and Finland, 310 and 305% higher, 
similar compared to Romania, and 2% less compared to Montenegro. Aminoglycosides (2015–2020) were 2550 and 783% 
more used in Serbia compared to Finland and Netherlands, and 38% less regarding Montenegro. The highest percentage of 
Pseudomonas aeruginosa resistance was in Romania and Serbia (2015–2020).
Conclusion The use of piperacillin/tazobactam, ceftazidime and fluoroquinolones should be carefully monitored in clinical 
practice due to increased Pseudomonas aeruginosa resistance. The level of utilization and AMR in Pseudomonas aeruginosa 
is still high in Serbia compared to other European countries.
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Impact statements

• In Serbia, the use of antibiotics is still high compared to 
the other European countries, even though decreasing or 
stabilising utilization trends have been noted for most of 
the studied antibiotics. There is a clear need to evaluate 
antibiotic use and rationalize use.

• In Serbia, increased Pseudomonas aeruginosa resistance 
has been shown for piperacillin/tazobactam, ceftazidime 
and fluoroquinolones, and therefore, the use of these anti-
biotics should be carefully monitored in clinical practice 
due to increased resistance.
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• Ceftazidime use increased significantly during a 3-year 
period (2018-2020) in Serbia, therefore, its usage in clini-
cal practice should be carefully monitored and optimized.

Introduction

Antimicrobial resistance (AMR), one of the main conse-
quences of irrational antimicrobial use, is the emerging 
threat of modern medicine and a recognised public health 
problem affecting morbidity, mortality and costs [1, 2]. In 
the European Union (EU) and European Economic Area 
(EEA), in 2015, infections caused by antibiotic-resistant 
bacteria accounted for an estimated 33,110 deaths [3].

Pseudomonas aeruginosa is one of nine pathogens under 
Central Asian and European Surveillance of Antimicrobial 
Resistance (CAESAR) surveillance, being a common cause 
of invasive infections [4]. It can easily develop resistance 
to antimicrobials commonly used in the treatment of Pseu-
domonas aeruginosa infections such as piperacillin/tazobac-
tam, ceftazidime, carbapenems, fluoroquinolones or ami-
noglycosides [5]. Thus, when AMR develops, therapeutic 
options may be severely limited.

In the framework of implementing the European Strategic 
Action Plan on Antibiotic Resistance, World Health Organi-
zation (WHO) Europe has established compatible networks 
for monitoring antibiotic consumption (AMC) and bacterial 
resistance to antibiotics (CAESAR) for countries that are 
not members of the EU [6]. Serbia is the part of the CAE-
SAR network of national AMR surveillance systems [4]. The 
system for the registration and monitoring of AMR consists 
of the National Reference Laboratory for Registration and 
Monitoring of Bacterial Strains Resistance to Antimicrobial 
Agents and the national network of 24 clinical laboratories, 
established on a voluntary basis [7]. The European Sur-
veillance of Antimicrobial Consumption Network (ESAC-
Net) is an EU/ EEA-wide network of national surveillance 
systems, coordinated by the European Centre for Disease 
Prevention and Control (ECDC) and covering all EU/EEA 
countries, providing European reference data on AMC [8].

According to the data on the utilization of antibiotics, in 
the last decade Serbia occupied an unenviably high posi-
tion among European countries, with a high level of AMR 
present in all species of bacteria tested in Serbia [9, 10]. 
In recent years, multidrug resistance proportions exceeding 
50% were reported in Serbia for Pseudomonas aeruginosa, 
a common cause of infection in hospitalized patients [4]. A 
potential cause of Serbia’s high ranking for antibiotic utili-
zation and AMR is that antibiotics are being prescribed for 
conditions in which they provide no benefit [11]. Moreover, 
recent studies indicate that the practice of self-medication in 
Serbia includes not only over-the-counter (OTC) medicines, 
but also antibiotics [12–14]. In that regard, the results of 

the study performed in Novi Sad, the second largest city in 
Serbia, demonstrated the presence of antibiotics obtained 
without a prescription in a large share of households [15].

The ECDC introduced the European Antibiotic Aware-
ness Day (EAAD), a European health initiative and annual 
event in 2008 to support EU/EEA countries in their efforts 
to increase prudent use of antibiotics [16]. Since November 
2015, the Serbian Ministry of Health has joined the global 
efforts to combat AMR and to ensure the prudent use of anti-
biotics [9]. One of its activities for raising awareness about 
the seriousness of irrational use of antibiotics and AMR is 
conducting a National Campaign for the Rational Use of 
Antibiotics [9].

Along with the above mentioned measures, continued 
monitoring of antibiotic use and its resistance is necessary in 
order to reveal the effects of activities, as exemplified above, 
and to suggest further actions and strategies. A comparative 
analysis of secular trends of antibiotic use and its resistance 
could inform the evaluation of evidence based practice and 
research outcomes.

Aim

The aim of this study was to describe and analyse trends uti-
lization of meropenem, ceftazidime, aminoglycosides, piper-
acillin/tazobactam and fluoroquinolones, between 2006 and 
2020, and the reported AMR in Pseudomonas aeruginosa 
between 2013 and 2020 in Serbia, and to compare antibiotic 
utilization and AMR in Pseudomonas aeruginosa in Serbia 
with eight European countries.

Ethics approval

This study did not require the medical ethics committee’s 
approval because it was based on publicly available aggre-
gate data, both on the use of antibiotics and Pseudomonas 
aeruginosa resistance.

Method

Data sources

For assessing trends in antibiotic utilization of merope-
nem, ceftazidime, aminoglycosides, fluoroquinolones 
and piperacillin/tazobactam, data were extracted from the 
relevant annual databases on turnover of medicines pro-
vided by the Medicines and Medical Devices Agency of 
Serbia (MMDAS), for the period 2006–2020 in the form 
of annual reports [17]. These databases were based on 
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the WHO ATC/DDD (Anatomical Therapeutic Chemical/ 
Defined Daily Dose) methodology [18]. As stated in the 
MMDAS reports, data on turnover or sales of drugs for 
human use were obtained from the marketing authoriza-
tion holders for wholesale medicines. Accordingly, whole-
sale data were used for the analysis, and not consumption 
data [17].

The above-mentioned antibiotics were selected in line 
with the study aim; as those under surveillance for detect-
ing Pseudomonas aeruginosa resistance in Serbia in line 
with the CAESAR manual [19]. In addition, they belong 
to a group of critically important antimicrobials according 
to the WHO [20].

The following data were selected and extracted from 
the reports on turnover of medicine: (i) ATC codes of the 
medicines of interest in line with ATC Index for 2021: 
meropenem (J01DH02), ceftazidime (J01DD02), amino-
glycosides (J01G), fluoroquinolones (J01MA) and pipera-
cillin/tazobactam (J01CR05), (ii) DDDs per 1000 inhabit-
ants per day (DID) per each ATC code of interest.

The DDD represents a unit of measurement that is an 
international compromise of the assumed average mainte-
nance dose per day for a drug used for its main indication 
in adults [18]. The utilization of this measure enabled us 
to create a database for measuring and comparing antibi-
otic use.

Using national reference laboratory reports and CAE-
SAR data, the AMR percentages for Pseudomonas aer-
uginosa isolates (2013–2020) were extracted and analysed 
[4, 21–28].

The publications used for this study contain only aggre-
gate data, both on the use of antibiotics and on Pseu-
domonas aeruginosa resistance.

Trend analysis of antibiotic usage and reported Pseu-
domonas aeruginosa resistance was carried out for this 
time period since the data for above mentioned timeline 
were available.

Finally, to place the Serbian trends in a broader Euro-
pean context, antibiotic utilization and AMR in Pseu-
domonas aeruginosa data in Serbia were compared with 
eight European countries which data sources were relevant 
national and international institutions (national medicines 
agencies, ECDC and CAESAR) [4, 22–33]. They are Croa-
tia, Romania and Bulgaria [28–32] and Montenegro [4, 
22–24, 33], countries in the region, as well as Finland [28, 
30–32], a Scandinavian country with developed practice 
of rational antibiotic use, and Greece and Spain (countries 
with the highest levels of antibiotics utilisation in EU) and 
Netherlands (country with the lowest level of antibiotics 
utilisation in EU) [28, 30–32].

Statistical analysis

Using Joinpoint software, version 4.7.0.0 (National Cancer 
Institute, Bethesda, United States), a regression analysis of 
data on DIDs was performed, as listed in the ATC Index for 
2021 [34] on the use of meropenem (J01DH02), ceftazidime 
(J01DD02), aminoglycosides (J01G) and fluoroquinolones 
(J01MA) between 2006 and 2020, and piperacillin/tazobac-
tam (J01CR05) between 2007 and 2020. The DID for pipera-
cillin/tazobactam in 2006 was 0 which was the reason why 
the trend for this antibiotic was analysed in the 14-year study 
period. The reported AMR percentages in Pseudomonas 
aeruginosa (2013–2020) isolates were analysed with the 
same Joinpoint methodology.

This method identifies the year(s) when a trend change in 
DIDs occurs over the study period, it calculates the annual 
percentage change (APC) for each trend segment and the 
corresponding 95% confidence interval (CI), and it also 
estimates the average annual percentage change (AAPC) in 
the whole studied period. The APC is tested to determine 
whether a difference exists from the null hypothesis of no 
change (0%). APC equals to AAPC when it is constant and 
there are no join points (i.e., no changes in trend). Other-
wise, the whole period is segmented by the points with trend 
change [35]. To avoid statistical anomalies, a join point seg-
ment must contain at least 3 observed data points, and no 
join point segment can begin or end less than 3 data points 
from the beginning or end of the data series [34]. In the 
final model, each join point informs a statistically significant 
change in trends (increase or decrease).

The graphs and tables showing annual trends in differ-
ences between antibiotics utilisation rates and AMR rates 
in the first and last years were also created using Joinpoint 
software. Two joinpoint model results were presented for 
antibiotic utilisation and one joinpoint model results were 
presented for AMR.

Results

Antimicrobial utilization rates over time

Different utilization trends were recorded across all studied 
antimicrobial groups during observed period, from 2006 to 
2020: the ceftazidime utilization rate increased the most 
between 2006 and 2020, by more than 900% (p < 0.05), 
while the DID for meropenem and fluoroquinolones 
increased by 100%. On the other hand, the utilization rate 
for aminoglycosides decreased by 63.3% (p < 0.05) (Appen-
dix 1, Figs. 1, 2, 3, 4 and 5).
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Trends of antimicrobial utilization

For antimicrobial utilization, the Joinpoint model iden-
tified three separate trend segments for all investigated 
antimicrobial groups (Appendix 2, Figs. 1, 2, 3, 4 and 5).

The trend segments of the earliest years, starting 
between 2006 and 2010 or 2012 depending on the anti-
microbial group, all showed stable or decreasing trends, 

while segments for the most recent years showed more 
variation (Appendix 2, Figs. 1, 2, 3, 4 and 5).

For utilization of ceftazidime (Appendix  2, Fig.  2), 
the most recent segment showed statistically significant 
increasing trends. For utilization of piperacillin/tazobac-
tame (Appendix 2, Fig. 1), aminoglycosides (Appendix 2, 
Fig. 4), and fluoroquinolones (Appendix 2, Fig. 5), the most 
recent segments showed stable trends.

Fig. 1  a Utilization of piperacillin/tazobactam, including detected trend segments, among Serbian population, 2007–2020. DDD Defined daily 
doses. b Piperacillin/tazobactam resistance in Pseudomonas aeruginosa, including detected trend segments, 2013–2020
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Trends in antimicrobial resistance percentages

The Joinpoint model identified two separate trend seg-
ments for Pseudomonas aeruginosa resistance (Appen-
dix 3, Fig. 1, 2, 3, 4 and 5). For ceftazidime, piperacillin/
tazobactam, and fluoroquinolones resistances in Pseu-
domonas aeruginosa an increased trend was observed 
during the whole period (Appendix 3, Figs. 1, 2 and 5). 
By contrast, for meropenem and aminoglycosides the 
resistance rates of Pseudomonas aeruginosa were stable 
(Appendix 3, Figs. 3, 4).

In the first trend segment, from 2013 to 2015 or 2016 
or 2018, depending on medicine, for piperacillin/tazobac-
tam and fluoroquinolones an increased resistance trend was 
found, and for all other antimicrobials a stable resistance 
trend was detected (Appendix 3, Fig. 1–5).

In the second trend segment, a stable trend was noticed 
for all antimicrobials’ resistances except for ceftazidime 

resistance that showed an increased trend (Appendix 3, 
Figs. 1, 2, 3, 4 and 5).

Antimicrobial utilization and Pseudomonas 
aeruginosa resistance trends

There was a significantly increased trend for ceftazidime 
utilization and reported resistance in Pseudomonas aerugi-
nosa (p < 0.05) in the period between 2018 and 2020 (Appen-
dix 2–3, Fig. 2). A decrease in utilization of aminoglycosides 
during the period 2006–2018 (p < 0.05) was detected yet a 
contemporaneous decrease in resistance among Pseudomonas 
aeruginosa isolates was not statistically significant (Appen-
dix 2–3, Fig. 4). A nonsignificant increased trend for fluo-
roquinolones use and reported resistance in Pseudomonas 
aeruginosa (p < 0.05) was identified from 2013 to 2018 
(Appendix 2–3, Fig. 5).

Fig. 2  a Utilization of ceftazidime, including detected trend seg-
ments, among Serbian population, 2006–2020. DDD Defined daily 
dose. b Ceftazidime resistance in Pseudomonas aeruginosa, includ-
ing detected trend segments, 2013–2020

Fig. 3  a Utilization of meropenem, including detected trend seg-
ments, Serbian population weighted means, 2006–2020. DDD 
Defined daily doses. b Meropenem resistance in Pseudomonas aer-
uginosa, including detected trend segments, 2014–2020
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Comparison of antimicrobial utilization 
between selected European countries

Utilization of fluoroquinolones expressed in DID as an 
average value for the 6-year period of time, 2015–2020 (for 
Montenegro the data was available only until 2018), was 
310, 305 and 89% higher in Serbia compared to Netherlands, 
Finland and Croatia, respectively, and 2% less compared 
to Montenegro (Serbia: 3.28 DID, Netherlands: 0.8 DID, 
Finland: 0.81 DID, Croatia: 1.74 DID, Montenegro: 3.35 
DID) (Appendix 4). Additionally, the trend difference for 
fluoroquinolones was lowest compared to Romania, and was 
just 2% higher in Serbia, (Serbia: 3.28 DID, Romania: 3.23 

DID). The trend difference was even greater for aminoglyco-
sides, which were 2550 and 783% more used in Serbia com-
pared to Finland and Netherlands, 2015–2020, respectively, 
and 38% less with regard to Montenegro (Serbia: 0.53 DID, 
Finland: 0.02 DID, Netherlands: 0.06 DID, Montenegro: 
0.86 DID) (Appendix 4).

Comparison of Pseudomonas aeruginosa resistance 
trends between selected European countries

Regarding piperacillin-tazobactam, ceftazidime, carbap-
enem, aminoglycosides and fluoroquinolones resistance 
in Pseudomonas aeruginosa, the highest percentages were 

Fig. 4  a Utilization of aminoglycosides, including detected trend segments, Serbian population weighted means, 2006–2020. DDD Defined daily 
doses. b Aminoglycosides resistance in Pseudomonas aeruginosa, including detected trend segments, 2013–2020
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identified for Romania and Serbia, the average value for 
the 6-year period, 2015–2020, were 50.2 and 45.3%, 51.0 
and 55.5%, 56 and 54.4%, 51.4 and 59.7%, 54.5 and 58.4%, 
respectively (Appendix 5). On the other hand, Netherlands 
and Finland had the lowest percentages of piperacillin-
tazobactam, ceftazidime, carbapenem, aminoglycosides 
and fluoroquinolones resistance in Pseudomonas aerugi-
nosa, 5.8 and 7%, 3.4 and 5.4%, 4.4 and 5.3%, 2.3 and 
1.5%, 8.2 and 9.9%, respectively (Appendix 5).

Discussion

Statement of key findings

To our knowledge, this is the first study to present antibi-
otic utilization trends and the Pseudomonas aeruginosa 
resistance over a 15-year period at a national level in 
Serbia. Our results show different patterns of fluctuating 

Fig. 5  a Utilization of fluoroquinolones, including detected trend segments, Serbian population weighted means, 2006–2020. DDD defined daily 
doses. b. Fluoroquinolones resistance in Pseudomonas aeruginosa, including detected trend segments, 2013–2020
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utilization trends for antibiotics and contemporaneous 
variation in the level of resistance in Pseudomonas aerugi-
nosa against a background of high levels of utilisation and 
of resistance compared to selected European countries.

Our results revealed a significantly increased trend for 
ceftazidime in a 3-year period (2018–2020) in Serbia. Addi-
tionally, the ceftazidime utilization rate has increased tre-
mendously by more than 900% in 2020 compared to 2006. 
This might be explained by the beginning of Coronavirus 
disease 2019 (COVID-19) pandemic in 2020. However, 
further studies are needed to investigate the reasons for 
this increased trend. According to the study conducted in 
a tertiary hospital in Serbia from March 2020 to the end of 
2021 cephalosporins were one of the most frequently used 
antibiotics (29.6%) for COVID-19, although inappropriate 
overprescribing could be the primary reason for such high 
rates as it remains the primary drug of choice for empirical 
treatment of community acquired pneumonia [36].

The decreasing trend in utilization of aminoglycosides 
described in this study for the last 15 years could be an 
encouraging signal of the positive effects of local antimicro-
bial stewardship initiatives in Serbia. On the other hand, the 
analysis for Serbia shows the increasing trends in piperacil-
lin/tazobactam, ceftazidime and fluoroquinolones resistances 
in Pseudomonas aeruginosa. Observed increasing trends are 
consistent with recent studies conducted in Serbia [37, 38] 
and around the world [39–41]. Accordingly, the ceftazidime, 
piperacillin/tazobactam and fluoroquinolones resistances in 
Pseudomonas aeruginosa present a threat worldwide. Usage 
in clinical practice and therapy of Pseudomonas aeruginosa 
must be restricted and carefully observed.

The antimicrobial resistance percentages in the Serbian 
population were compared to the EU/EEA resistance data. In 
2017, the highest EU/EEA population-weighted mean resist-
ance percentage to Pseudomonas aeruginosa was reported 
for fluoroquinolones (20.3%), as well as in Serbia, but with 
more than double values (56.1%) [42]. Significantly higher 
values are observed also for remaining antibiotics, piperacil-
lin ± tazobactam (18.3% in EU/EEA population vs. 45.7% 
in Serbia), carbapenems (17.4% in EU/EEA population vs. 
53.5% in Serbia), ceftazidime (14.7% in EU/EEA popula-
tion vs. 56.1% in Serbia) and aminoglycosides (13.2% in 
EU/EEA population vs. 54.4% in Serbia) [42]. During the 
studied period, our results show an increasing trend regard-
ing Pseudomonas aeruginosa resistance, with statistical 
significance for three out of five studied antibiotics, pipera-
cilin/tazobactam, ceftazidime and fluoroquinolones. On the 
contrary, for all antimicrobial groups under regular surveil-
lance, the EU/EEA population-weighted mean percentage 
decreased significantly between 2014 and 2017 [42]. Addi-
tionally, the ECDC statement from 2015 is that 13.7% of 
Pseudomonas aeruginosa isolates were resistant to at least 
three antimicrobial groups and 5.5% to all five antimicrobial 

groups under surveillance European Antimicrobial Resist-
ance Surveillance Network (EARS-Net) [43]. Moreover, 
high resistance and antibiotics overuse were recorded in a 
10-year study in a hospital setting in Serbia [44]. The con-
sequences of these increasing resistance trends could be 
serious, as Pseudomonas aeruginosa bloodstream infec-
tions, and pose a substantial threat regarding morbidity and 
mortality.

Strengths and weaknesses

Our results can be generalized at the population level. The 
resistance source network has broad geographical and pop-
ulation coverage and includes various types of hospitals. 
Additionally, the antibiotics sales data are based on the 
whole country. Moreover, the long study duration provides 
a comprehensive insight into the trend changes over the 
years. Importantly, the publications used as a data source 
were prepared in line with the guidelines of the WHO for 
the processing of data on trade and monitoring of indicators 
of medicine use [18].

Our study has several limitations, mainly related to data 
availability and comprehensiveness. The wholesale data used 
only allows associations to be suggested. The representative 
nature of the resistance data is limited by the over-represen-
tation of patients with hospital-acquired infections. How-
ever, these data were comparable since two sources (national 
and CAESAR reports) were used for data extraction. On the 
other hand, antibiotic utilisation data comes from a single 
source of harmonised data on Serbian antibiotic sales pro-
vided by wholesalers. Accordingly, it is worth considering 
that wholesale data can present overestimated results in com-
parison to consumption data due to some amount of antibiot-
ics still unused by patients, either in wholesalers, pharma-
cies, or in patients’ homes. Additionally, data on medicines 
utilisation used in this study represent overall drug usage, 
regardless of diagnosis or microbial. Accordingly, a total 
antibiotic usage was analysed and not only the consump-
tion in treatment of Pseudomonas aeruginosa. However, the 
antimicrobial groups included in this study were selected as 
they are of relevance to treat Pseudomonas aeruginosa in 
line with the National recommendation for antibiotic pro-
scribing [9]. Additionally, comparison of trends of antibi-
otic consumption and reported Pseudomonas aeruginosa 
resistance can suggest potential associations even in the 
cases when a total antibiotic utilisation was analysed and 
not only consumption data in treatment of certain infection. 
Such methodology has been already implemented in similar 
studies [45]. The antibiotic use and resistance data were only 
available in annualised forms, which might have obscured 
more complex trends and therefore, more detailed analysis 
was not possible. Therefore, detailed and indication specific 
antibiotic utilization data for the Serbian market would be 
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important and useful for getting a broad and clearer picture 
of antibiotic utilization.

Conclusion

In conclusion, this study has highlighted the importance of 
antibiotic utilization rates and resistant rates monitoring to 
hypothesize potential causal relations. Even though decreas-
ing or stabilising utilization trends have been noted for most 
of the studied antibiotics for Serbia, the level of utilization 
is still high compared to the other European countries. It 
would be useful for future research to examine the trends in 
antibiotic utilization and the AMR by regions of country, by 
hospital and community settings and by expense coverage 
from the national health insurance fund, to inform further 
actions to be well-tailored to the actual demands.
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