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Abstract: Introduction: Actions to reduce and optimize antimicrobial use are crucial in the man-
agement of infectious diseases to counteract the emergence of short- and long-term resistance. This
is particularly important for pediatric patients due to the increasing incidence of serious infections
caused by resistant bacteria in this population. The aim of this study was to evaluate the impact
of a pediatric antimicrobial stewardship program (PROA-NEN) implemented in a Spanish tertiary
hospital by assessing the use of systemic antimicrobials, clinical indicators, antimicrobial resistance,
and costs. Methods: In this quasi-experimental, single-center study, we included pediatric patients
(0–18 years) admitted to specialized pediatric medical and surgical units, as well as pediatric and
neonatal intensive care units, from January 2015 to December 2019. The impact of the PROA-NEN
program was assessed using process (consumption trends and prescription quality) and outcome indi-
cators (clinical and microbiological). Antibiotic prescription quality was determined using quarterly
point prevalence cross-sectional analyses. Results: Total antimicrobial consumption decreased during
the initial three years of the PROA-NEN program, followed by a slight rebound in 2019. This decrease
was particularly evident in intensive care and surgical units. Antibiotic use, according to the WHO
Access, Watch and Reserve (AWaRe) classification, remained stable during the study period. The
overall rate of appropriate prescription was 83.2%, with a significant increase over the study period.
Clinical indicators did not substantially change over the study period. Direct antimicrobial expenses
decreased by 27.3% from 2015 to 2019. Conclusions: The PROA-NEN program was associated
with reduced antimicrobial consumption, improved appropriate use, and decreased costs without
compromising clinical and/or microbiological outcomes in patients.

Keywords: antimicrobial stewardship; drug resistance; bacterial infections; mycoses; tertiary care
centers; pharmaceutical economics

1. Introduction

The use of antimicrobial agents to treat infections inevitably leads to the emergence of
antimicrobial resistance [1]. This is particularly concerning in the hospital setting due to the
extensive use of antimicrobials combined with the vulnerability of hospitalized patients.
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To address this challenge, efforts to reduce and optimize antimicrobial use at all
levels of healthcare are vital. This includes global initiatives like the Global Action Plan
on Antimicrobial Resistance [2] and country-specific strategies such as the Spanish Plan
Nacional frente a la Resistencia a los Antibióticos (PRAN) [3]. In this context, antimicrobial
stewardship programs (ASPs) are a comprehensive set of coordinated, long-term actions
and interventions within health institutions to promote the optimal use of antimicrobials
and ensure sustainable access to antimicrobial therapy [4–10].

In the pediatric population, recent years have seen a rising incidence of serious infec-
tions caused by resistant bacteria, leading to increased morbidity and mortality [11–15].
Furthermore, the prevalence of antibiotic resistance is different in pediatric and adult
hospitals [16]. That is, because pediatric patients differ significantly from adults in terms of
clinical presentation, progression of infections, existing comorbidities, and mortality rates,
antimicrobial treatments and ASPs should be tailored to this population.

The Programa de Optimización de Antimicrobiano (PROA-NEN) is a non-restrictive
pediatric-specific ASP established in 2015 at the Children’s Hospital at Vall d’Hebron
Barcelona Hospital Campus (Barcelona, Spain). The program was implemented to improve
the use of antimicrobial treatments for pediatric patients admitted to the hospital by reduc-
ing their consumption, increasing their efficiency, and improving clinical and ecological
outcomes. The objective of this study was to evaluate the effects of the PROA-NEN pro-
gram on the use of systemic antimicrobials, clinical indicators, and antimicrobial resistance
rates, and its economic impact within a public health system where sustainability is crucial.

2. Results
2.1. Antibiotic Prescription Quality

A total of 1013 antibiotic prescriptions were evaluated in 652 patients. Overall, 61.1%
were prescribed in specialist medical units, 16.7% in the pediatric intensive care unit (P-
ICU), 15.1% in the neonatal intensive care unit (N-ICU), and 7.1% in surgical units. Half
(50.5%) of the prescriptions were administered as empirical treatment, 18.9% as targeted
treatment, and 30.6% as prophylactic treatment.

Of the total antibiotic prescriptions, 843 were appropriate, representing a prescription
appropriateness rate of 83.2%. As seen in Figure 1A, the rate of appropriate prescription
was >70% in the first five cross-sectional analyses and significantly improved throughout
the study period (p < 0.0001). As of the fifth cross-sectional analysis, the distribution of
antibiotic prescription record completeness was determined. A total of 455 prescriptions
from 321 patients were analyzed, of which 47 (10.5%) had a complete record. The percentage
of complete records improved over the study period analyzed (Figure 1B). The highest
proportion of appropriate prescriptions was observed for treatments with complete records,
followed by those with incomplete records, while treatments with no records showed
the lowest rate of appropriate prescriptions (Figure 1C). The percentage of appropriate
prescriptions during the study period was 75.2% in the P-ICU, 79.2% in surgical units,
82.8% in specialist medical units, and 82.4% in the N-ICU.
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Figure 1. Antibiotic prescription quality in cross-sectional analyses. Stacked bars show (A) the
proportion of appropriate and inappropriate prescription rates, (B) the proportion of complete,
incomplete, or no records, and (C) the proportion of appropriate and inappropriate prescribing
according to record completeness (complete, incomplete, no records).

2.2. Antibiotic Consumption according to the AWaRe Classification

Antibiotic use, according to the WHO Essential Medicines List Access, Watch, and
Reserve (AWaRe) classification, did not show substantial changes over the study period.
Access antibiotics accounted for 43.1% of the total consumption, Watch antibiotics repre-
sented 54.6%, and Reserve antibiotics ranged from 1.8% to 2.2% between 2015 and 2018
and reached 3.7% in 2019 (Figure 2A).
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Figure 2. Proportion of WHO AWaRe antimicrobial consumption. Stacked bars show the proportion
of Access, Watch and Reserved antibiotics consumed (A) in each year of the study, and (B) across
clinical units. N-ICU, neonatal intensive care unit; P-ICU, pediatric intensive care unit.

The use of Access antibiotics was higher in surgical units (63.4% of all antibiotics
consumed) and the N-ICU (58.9%). The highest percentage of Reserve antibiotics was
observed in specialist medical units, accounting for up to 3.8% of the total antibiotics used
(Figure 2B).

2.3. Antimicrobial Consumption Trends

The most commonly used antibiotics throughout the study period are shown in
Table 1, expressed as days of therapy (DOT)/100 patient days (PD). Total antimicrobial
consumption was 70.6 DOT/100 PD in 2015, followed by a decrease within the first three
years after introducing the program and an increase in 2019 (71.9 DOT/100 PD). Antibiotic
use followed the same pattern, a consumption of 59.5 DOT/100 PD in 2015 that decreased
to 50.7 DOT/100 PD in 2018 and increased in 2019 (59.6 DOT/100PD). Antifungal use
was around five times lower than antibiotic use and remained stable throughout the study
period (Figure 3A). There were no statistically significant differences in the consumption of
antimicrobials (p = 0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years.
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Table 1. Total antibiotic and antifungal consumption. Data are expressed as DOT/100 PD both
throughout the entire study period and on an annual basis. Antimicrobials are categorized according
to the ATC classification.

DOT/100PD 2015 2016 2017 2018 2019
Consumption

Trend
2015–2019

CAGR (%) p-Value

ANTIBACTERIALS

J01CR—Combinations of penicillins, incl.
beta-lactamase inhibitors 17.76 13.79 11.5 12.32 14.27
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3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

1.8% 0.41

J01DD—Third-generation cephalosporins 5.97 5.48 6.2 5.32 5.33

Antibiotics 2024, 13, x FOR PEER REVIEW  5  of  17 
 

There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

−2.2% 0.32
J01GB—Other aminoglycosides 4.81 4.83 4.75 4.57 5.63
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

3.2% 0.35
J01DH—Carbapenems 5.19 5.08 3.04 3.74 5.18
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

0.0% 0.73
J01FA—Macrolides 3.21 3.05 3.12 1.96 2.22
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

−7.1% 0.07
J01DC—Second-generation cephalosporins 1.39 1.6 2.23 2.3 2.68
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 
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1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-
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J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
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J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
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J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
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J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
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-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
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0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

10.2% 0.36
J01EA—Trimethoprim and derivatives 1.03 0.61 0.88 1 1.11
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

1.5% 0.45
J01XB—Polymyxins 0.67 0.83 0.75 0.63 1.6
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

19.0% 0.23
J01CE—Beta-lactamase sensitive penicillins 0.76 0.58 0.79 0.89 0.92
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

3.9% 0.14
J01XD—Imidazole derivatives 0.42 0.31 0.57 0.61 0.5
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

- -
J01XX—Other antibacterials 0.33 0.11 0.24 0.36 0.31

Antibiotics 2024, 13, x FOR PEER REVIEW  5  of  17 
 

There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

- -
J01AA—Tetracyclines - 0.02 0.08 0.1 0.4
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

- -
J01DF—Monobactams 0.14 0.14 0.04 0.16 0.08
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
Consumption 

Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 

- -
J01XE—Nitrofuran derivatives 0.01 0.06 - - -
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 

agents, P-ICUs showed a significant decrease in their consumption (mean ± SD, −4.31 ± 

1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C). Figure 4 

shows changes  in  the percentage of antibiotics consumed  throughout  the study period 

and across clinical units. We observed that the spectrum of antibiotics used was narrowed 

over the study period. This was evidenced in surgical units, where the proportion of pen-

icillin with beta-lactamase inhibitors decreased in favor of increased use of 1st- and 2nd-

generation cephalosporins. A summary of studies evaluating antimicrobial consumption 

after the implementation of an ASP is shown in the Supplementary Materials. 

Table  1. Total  antibiotic  and  antifungal  consumption. Data  are  expressed  as DOT/100 PD  both 

throughout the entire study period and on an annual basis. Antimicrobials are categorized accord-

ing to the ATC classification. 

DOT/100PD  2015  2016  2017  2018  2019 
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Trend 2015–2019 

CAGR 

(%) 
p-Value 

ANTIBACTERIALS 

J01CR—Combinations of penicillins, incl. beta-lactamase inhibitors  17.76  13.79  11.5  12.32  14.27 
 

−4.3%  0.33 

J01XA—Glycopeptide antibacterial agents  6.87  6.5  5.39  5.09  6.93 
 

0.2%  0.7 

J01CA—Penicillins with extended spectrum  5.72  5.69  6.26  5.6  6.26 
 

1.8%  0.41 

J01DD—Third-generation cephalosporins  5.97  5.48  6.2  5.32  5.33 
 

−2.2%  0.32 

J01GB—Other aminoglycosides  4.81  4.83  4.75  4.57  5.63 
 

3.2%  0.35 

J01DH—Carbapenems  5.19  5.08  3.04  3.74  5.18 
 

0.0%  0.73 

J01FA—Macrolides  3.21  3.05  3.12  1.96  2.22 
 

−7.1%  0.07 

J01DC—Second-generation cephalosporins  1.39  1.6  2.23  2.3  2.68 
 

14.0%  0.01 

J01MA—Fluoroquinolones  2.11  1.78  1.5  2.2  1.97 
 

−1.4%  0.91 

J01DB—First-generation cephalosporins  1.3  1.57  2.28  2  2.22 
 

11.3%  0.07 

J01CF—Beta-lactamase resistant penicillins  1.15  1  0.97  0.83  0.89 
 

−5.0%  0.04 

J01DE—Fourth-generation cephalosporins  0.64  0.7  1.41  0.92  1.04 
 

10.2%  0.36 

J01EA—Trimethoprim and derivatives  1.03  0.61  0.88  1  1.11 
 

1.5%  0.45 

J01XB—Polymyxins  0.67  0.83  0.75  0.63  1.6 
 

19.0%  0.23 

J01CE—Beta-lactamase sensitive penicillins  0.76  0.58  0.79  0.89  0.92 
 

3.9%  0.14 

J01XD—Imidazole derivatives  0.42  0.31  0.57  0.61  0.5 
 

-  - 

J01XX—Other antibacterials  0.33  0.11  0.24  0.36  0.31 
 

-  - 

J01AA—Tetracyclines  -  0.02  0.08  0.1  0.4 
 

-  - 

J01DF—Monobactams  0.14  0.14  0.04  0.16  0.08 
 

-  - 

J01XE—Nitrofuran derivatives  0.01  0.06  -  -  - 
 

-  - 

J01DI—Other cephalosporins and penems  -  -  -  0.06  - 
 

-  - 

ANTIFUNGALS 

J02AC—Triazole and tetrazole derivatives  5.03  6.26  5.2  5.07  6.78 
 

6.15%  0.44 

J02AA—Antibiotics  5.06  4.71  3.53  4.27  4.51 
 

−2.28%  0.48 

J02AX—Other antifungals for systemic use  1.06  0.85  0.58  0.95  1.02 
 

−0.77%  0.99 

CAGR, compound annual growth rate. 
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There were no statistically significant differences in the consumption of antimicrobials (p = 

0.92), antibiotics (p = 0.86), or antifungals (p = 0.87) throughout the years. 

The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the 

lowest antibiotic consumption. There was a significant decrease in antibiotic use over the 

study period  in  the P-ICU  (mean ± standard deviation  [SD], −8.76 ± 1.56; p < 0.05) and 

surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist med-

ical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding antifungal 
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The highest antibiotic use was recorded in the P-ICU, whereas the N-ICU showed the
lowest antibiotic consumption. There was a significant decrease in antibiotic use over the
study period in the P-ICU (mean ± standard deviation [SD], −8.76 ± 1.56; p < 0.05) and
surgical units (mean ± SD, −3.36 ± 0.89; p < 0.05). The consumption trend in specialist
medical units remained stable, with a slight increase in 2019 (Figure 3B). Regarding an-
tifungal agents, P-ICUs showed a significant decrease in their consumption (mean ± SD,
−4.31 ± 1.28; p < 0.05), while the consumption in other units remained stable (Figure 3C).
Figure 4 shows changes in the percentage of antibiotics consumed throughout the study
period and across clinical units. We observed that the spectrum of antibiotics used was
narrowed over the study period. This was evidenced in surgical units, where the pro-
portion of penicillin with beta-lactamase inhibitors decreased in favor of increased use of
1st- and 2nd-generation cephalosporins. A summary of studies evaluating antimicrobial
consumption after the implementation of an ASP is shown in the Supplementary Materials.
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Figure 3. Antimicrobial consumption over the study period. The graphs show (A) total antimicrobial,
antibiotic, and antifungal consumption over the study period, (B) antibiotic consumption across
clinical units, and (C) antifungal consumption across clinical units. Data are expressed as DOT/100PD.
N-ICU, neonatal intensive care unit; P-ICU, pediatric intensive care unit.
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Figure 4. Cont.
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Figure 4. Proportion of antibiotics consumed over the study period. Stacked bars represent the
annual proportion of each antibiotic class, both overall and by clinical unit. Antibiotic consumption is
expressed as % DOT/100 PD and categorized using the ATC classification. N-ICU, neonatal intensive
care unit; P-ICU, pediatric intensive care unit.

2.4. Clinical and Resistance Indicators

Clinical indicators did not substantially change over the study period, with a slight de-
crease in the length of stay (LOS), annual readmission rates, and infection-related mortality
rates (Table 2). Infection-related mortality rates decreased from the start to the end of the
study period (13.0% vs. 27.6%); however, the differences were not statistically significant
(p = 0.484).

Changes in the indicators selected for monitoring antimicrobial resistance to the most
relevant nosocomial pathogens are detailed in Table 3. We observed a higher prevalence of
amoxicillin-clavulanic acid-resistant Escherichia coli over the study period due to a change
in the analytical method and reference standards. We also observed a decrease in extended-
spectrum beta-lactamase-producing (ESBL) Klebsiella pneumonia, Enterobacter cloacae strains
with chromosomal AmpC hyperproduction, and meropenem-resistant Pseudomonas aerugi-
nosa. There were no significant differences in the percentage of ESBL Escherichia coli and
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extensively drug-resistant (XDR) Pseudomonas aeruginosa according to the criteria of Magio-
rakos et al. [17]. Similarly, for Gram-positive strains, there were no significant differences
in the percentage of methicillin-resistant Staphylococcus aureus. No patients with multidrug-
resistant Acinetobacter baumannii or vancomycin-resistant enterococci were identified during
the study period.

Table 2. Changes in clinical indicators.

Indicator 2015 2016 2017 2018 2019 p-Value

LOS, days 7.98 8.29 7.42 7.62 7.22 0.10
Readmission rate at 15 days, % 5.43 5.51 5.47 5.44 5.54 0.38

Readmission rate at days 16–30, % 2.94 2.73 2.60 2.78 2.38 0.10
Readmission rate at day 30, % 8.37 8.25 8.07 8.22 7.92 0.07
Infection-related mortality, % 27.6 10.5 19.4 21.6 13.0 0.48

LOS, length of stay.

Table 3. Microbiological resistance indicators.

Resistance Indicator
Prevalence, % (Number of Resistant Cases/Number of Cases)

p-Value
2016 2017 2018 2019

Escherichia coli ESBL 9.2 (38/412) 9.5 (38/399) 8.3 (34/409) 8.2 (32/390) 0.16
Klebsiella pneumoniae ESBL 41.1 (30/73) 28.9 (28/97) 20.6 (20/97) 34.2 (41/120) 0.56

Escherichia coli FQR 17.7 (73/412) 22.3 (89/399) 21.3 (87/409) 20 (78/390) 0.61
Escherichia coli AMCR 30.8 (127/412) 28.3 (113/399) 31.3 (128/409) 49.7 (194/390) 0.22

Enterobacter 3GC-resistant
(chrAmpC) 31.7 (13/41) 29.5 (13/44) 25 (11/44) 9.8 (5/51) 0.08

Enterobacteria CBP 1.5 (3/194) 0.3 (2/605) 0.3 (2/660) 1.4 (8/561) 0.94
Pseudomonas aeruginosa MR 24.8 (27/109) 18.1 (23/127) 12.6 (16/127) 16.1 (15/93) 0.20
Pseudomonas aeruginosa XDR 5.5 (6/109) 5.5 (7/127) 11.8 (15/127) 12.9 (12/93) 0.76
Acinetobacter baumannii MDR 0/16 0/24 0/12 0/6 -

VRE 0/40 0/58 0/64 0/68 -
MRSA 8.6 (17/197) 16.2 (38/235) 10.3 (30/290) 12.6 (30/237) 0.76

3GC, third-generation cephalosporins; AMCR, amoxicillin-clavulanic acid-resistant; CBP, carbapenemase;
chrAmpC, chromosomal AmpC beta-lactamases; ESBL, extended-spectrum beta-lactamase; FQR, fluoroquinolone-
resistant; MDR, multidrug-resistant; MR, meropenem-resistant; MRSA, methicillin-resistant Staphylococ-
cus aureus; VRE, vancomycin-resistant enterococci; XDR, extremely resistant according to the criteria of
Magiorakos et al. [17].

2.5. Complexity of Care

The mean ± SD number of annual stays was 59,523 ± 2514, with no substantial
variations during the study period. The complexity of care, measured by the weighted
mean of the diagnosis-related groups (WM-DRG), increased over the study period: 1.32 in
2015, 1.40 in 2016, 1.36 in 2017, 1.38 in 2018, 1.49 in 2019, and 1.61 in 2020. However, no
linear relationship was observed between WM-DRG and DOT/100 PD (r = 0.35), indicating
that there was no correlation between the increase in WM-DRG and the total consumption
of antimicrobials.

2.6. Costs

The centralized preparation of systemic antimicrobials for intravenous administration
in pharmacy departments offered savings of 30–35% in annual antimicrobial expenditure,
resulting in cumulative savings of €1,210,376 (mean annual savings of €242,000) between
2015 and 2019. The number of preparations over the study period was as follows: 5064 in
2015, 4812 in 2016, 3408 in 2017, 4547 in 2018, and 5280 in 2019.
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3. Discussion

This study identified a declining trend in antimicrobial consumption during the
first three years following the implementation of the PROA-NEN program, followed
by a rebound in 2019 that disrupted this trend. Antimicrobial consumption rates were
lower than those reported in recent studies conducted in tertiary pediatric hospitals in
different settings [18–21]. The use of Reserve antibiotics was limited and their prescription
in neonates and critical and surgical units was minimal. An increase in appropriate
prescriptions was also observed during the study period.

Pediatric ASPs require tailored approaches due to the unique clinical characteristics of
the pediatric population. This includes the need for validated measurement units [22,23].
Numerous scientific societies and healthcare stakeholders have underscored the importance
of prioritizing ASP development in pediatrics and have set forth specific recommendations
for this purpose [23–31]. In our setting, the VINCat pediatric PROA Sharing Antimicrobial
Reports for Pediatric Stewardship (SHARP) survey was the first overview of the current
state of pediatric antimicrobial stewardship programs in hospitals across Catalonia. This
survey revealed that while most hospitals have implemented measures suggested by
pediatric ASPs, many have not established their own dedicated program. It is crucial to
provide these programs with more resources so that these hospitals can create tailored
initiatives and define specific indicators for this age group [32].

A national consensus document emphasized the need for antimicrobial protocols
tailored specifically to children, instead of merely adapting adult ones with dosage adjust-
ments [33]. However, the scientific literature on the development of ASPs in pediatric and
neonatal populations is still much more limited than in the adult population [33,34], with
wide variability in methodology, program durations, and population scope [35]. In this
context, this is the first study to comprehensively evaluate consumption trends, prescrip-
tion quality, clinical and microbiological outcomes, and costs of a pediatric ASP. Unlike
previous studies, we evaluated the efficiency of the program by including all pediatric
patients admitted to our center instead of focusing on a single area or department. It is
important to note that we excluded data from 2020 due to the extraordinary disruptions
caused by the COVID-19 pandemic.

In 2019, we observed an increase in antimicrobial consumption, which may be at-
tributed to several significant developments that occurred within the hospital during that
year. These developments include increased complexity of patient care, shorter hospital
stays, higher numbers of solid organ transplantations (SOT) and hematopoietic stem cell
transplantations (HSCT), a greater number of patients with oncohematological conditions,
and extended admission times for patients with cystic fibrosis. Our reported antimicrobial
consumption rates for the initial year of the study (2015) were 70.6 DOT/100 PD, with
the lowest consumption rates recorded in 2018 at 61.0 DOT/100 PD. Different studies
conducted in highly complex third-level centers have analyzed antimicrobial consumption
with varied results. In the US, children’s hospitals that implemented ASPs between 2007
and 2012 experienced a greater decrease in antibiotic use compared to those that did not,
with a consumption rate of 69.3 DOT/100 PD after implementing ASPs [18]. A Canadian
study reported stable antimicrobial consumption over a similar observational period, albeit
at a substantially higher rate than ours (86.7 DOT/100 PD) [19]. A single-center study in
the US reported a consumption of 78.7 DOT/100 PD [20], and a more recent study in the
UK reported a consumption of 81.1 DOT/100 PD [21]. Another children’s hospital in our
setting observed a reduction in antimicrobial consumption following the implementation
of an ASP (68.4 DOT/100 PD pre-ASP vs. 65.6 DOT/100 PD post-ASP), although patients
admitted to the P-ICU were excluded and the study lasted two years [36].

Comparing DOT/100 PD values across hospitals is challenging because of differences
in information sources, data grouping methods, and access to specific antibiotics in each
country, among others. To address these challenges, the WHO introduced the AWaRe
classification as a global benchmarking tool [37,38]. Some experts have emphasized the
urgent need to adopt consumption indicators based on the AWaRe classification to facilitate
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global interpretations and comparisons [39]. A study conducted in 56 countries worldwide
highlighted substantial heterogeneity in the use of the different AWaRe groups among
countries and centers. In Spain, Access antibiotics were used in 58.9% of children and more
than 80% of neonates [38]. In our study, the Access antibiotic consumption rate (43.2%)
was significantly lower than that reported in the multicenter study [38] and fell within
the mid-range of values reported by other single-center studies [19,21]. However, there
was significant variation in the consumption rates reported in different studies employing
this classification, possibly due to differences in the complexity of care among centers,
underlining the importance of standardization. Minimizing the use of antibiotics classified
as Reserve is of relevance, particularly in the ICU. In our study, only 2.4% of patients
received Reserve antibiotics, with minimal use in neonates, critical care, and surgical units.

The most commonly used antibiotics were combinations of penicillin with beta-
lactamase inhibitors, consistent with earlier studies in tertiary pediatric hospitals [19,21,36].
However, a decrease in the consumption of antibiotics within this category was observed,
probably due to a shift from using amoxicillin-clavulanic acid to gentamicin or cefuroxime
for urinary tract infections. Notably, we observed a reduction in the consumption of gly-
copeptides during the initial three years of the program, primarily attributed to a decrease
in the P-ICU, as previously observed after the implementation of an ASP [40].

The inappropriate use of antimicrobials can lead to adverse interactions, toxicity,
increased mortality, and the emergence of resistant strains. Although data on pediatric an-
timicrobial use is limited, a multicenter study conducted in England found that only 34% of
antifungal prescriptions were appropriate [41]. We recently published that 89% of prescrip-
tions were appropriate after the introduction of the PROA-NEN program [42]. Likewise,
one of the most striking findings of this present study was the significant improvement
in prescription quality following the introduction of the PROA-NEN program. During
the first two years, the mean rate of appropriate antibiotic prescription was 77.5%, which
rose to 90% in the cross-sectional analyses conducted in 2018 and 2019. This improvement
coincided with the increase in clinical counseling sessions (5046 sessions in 2016, 5114 in
2017, 5754 in 2018, and 5849 in 2019), highlighting the relevance of the program in enhanc-
ing prescription quality. Rates of appropriate prescription were also higher than those
published in similar studies [36,43–45]. Our study also revealed an association between
antibiotic treatment records and appropriate prescribing, confirming the importance of
having comprehensive clinical records in improving the quality of antibiotic prescriptions.
In a recent publication, we reported that the PROA-NEN program also reduced the rate of
unnecessarily prolonged antibiotic treatments [46].

Resistance studies within the pediatric population in Spain are scarce [47,48]. Our
research adds valuable data on the prevalence of antibiotic resistance and changes in
resistance patterns of the most relevant bacteria from an epidemiological perspective. Such
insights are pivotal for improving empirical prescribing practices. Our research also offers
crucial tools for epidemiological surveillance, supporting ongoing infection control policies
in healthcare settings, and provides benchmarks for comparisons with centers of similar
size and complexity of care. Importantly, our results showed a decline in the prevalence
of specific resistance mechanisms most directly linked to our antibiotic policy, such as
Enterobacter spp. resistance to third-generation cephalosporins due to hyperproduction of
chromosomal AmpCs, and carbapenem-resistant Pseudomonas aeruginosa.

This study had several strengths. It thoroughly evaluated antimicrobial consumption
trends, prescription quality, clinical and microbiological outcomes, and costs of a pediatric
ASP over an extended period. The inclusion of all pediatric patients admitted to the
center, rather than focusing on a single area or department, provided a holistic view
of the program’s impact. Additionally, the use of detailed cross-sectional analyses to
assess prescription quality and the incorporation of extensive clinical counseling sessions
underscored the program’s effectiveness in improving prescribing practices. Furthermore,
the research offered valuable insights into antimicrobial resistance patterns within the
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pediatric population, thereby supporting ongoing infection control policies and providing
benchmarks for future comparisons.

Our study presented some limitations worth noting. The use of antibiotic combinations
may have been overestimated when compared to broad-spectrum compounds, given that
each prescribed antibiotic was counted as a DOT. Additionally, due to resource constraints,
we evaluated prescription quality in cross-sectional analyses rather than across the entire
cohort. This study’s assessment of economic efficiency driven by the ASP only considered
the impact of the centralized preparation of antimicrobials; however, a comprehensive
pharmacoeconomic study of the ASP has not been conducted. Lastly, factors beyond the
PROA-NEN program, such as the infection control program, may have influenced the
evaluation of clinical and microbiological indicators, so these outcomes should be analyzed
with caution.

This study was conducted in a single center and focused exclusively on hospital
consumption. Our outcomes suggest that the PROA-NEN program and data collection from
multicenter registries of antimicrobial consumption could be extended to other hospitals
to generate a more in-depth analysis. We also believe a specific analysis of antimicrobial
consumption by clinical entity would be useful. This represents a critical area for future
exploration of the PROA-NEN program data in the coming years.

4. Methods
4.1. Intervention

The PROA-NEN was a non-restrictive (open to new interventions) program based on
the available guidelines and recommendations [4,24] that was developed with the support
of the hospital management and in coordination with the hospital’s infectious diseases
board and antimicrobial subcommittee. A multidisciplinary team of 18 professionals, in-
cluding a core team of three pediatric infectious diseases experts, a hospital pharmacist, and
a microbiologist, led the program. Main tasks included training activities, protocol devel-
opment, weekly or biweekly clinical counseling with feedback sessions across units using
antimicrobials, and monitoring antimicrobial consumption, resistance and clinical indica-
tors. Key tools of the PROA-NEN program consisted of real-time accessible computerized
medical records and e-prescribing tools.

4.2. Design

A quasi-experimental, single-center study was conducted to evaluate the evolution
of antimicrobial consumption, clinical and resistance indicators, and costs during the first
five years after the introduction of the program. The quality of antibiotic prescription was
also assessed by quarterly point prevalence cross-sectional analyses. This study protocol
received approval from the Research Ethics Committee of the Children’s Hospital at Vall
d’Hebron Barcelona Hospital Campus in May 2018 (PROA-NEN/HUV-ANT-2017-01).

4.3. Population

This study included pediatric patients (ages 0–18 years) admitted to the Children’s
Hospital at Vall d’Hebron Barcelona Hospital Campus between January 2015 and December
2019. This included admissions to all pediatric medical and surgical specialty units, the
P-ICU and the N-ICU, as well as patients receiving specialized pediatric care encompassing
SOT, HSCT, cell therapies, oncohematological care, palliative care, and treatments for
conditions like cystic fibrosis and primary immunodeficiencies.

Excluded from the study were patients treated in the pediatric emergency department
but without admission, those in the major outpatient surgery unit, healthy newborns
admitted postpartum with their mothers, and those in hospital-at-home, day hospital
programs, or receiving hemodialysis.

The Vall d’Hebron is a tertiary university hospital with 194 pediatric beds distributed
as follows: 109 in medical specialty units, 24 in surgical units, 16 in the P-ICU, and 45 in the
N-ICU.
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4.4. Variables

The impact of the PROA-NEN program was assessed using process (consumption
trends and prescription quality) and outcome indicators (clinical and microbiological).
Consumption trends were expressed as DOTs, which quantify the days of treatment a
patient has received, regardless of the dosage and dosing schedule of administration.
Moreover, days of therapy adjusted for each healthcare activity by the length of stay were
represented as PD. This was calculated using the formula DOT × 100/PD, with data
presented as the sum of cases. The quality of antibiotic use was assessed using the AWaRe
classification [37]. This tool categorizes antimicrobials as open access (Access), controlled
use (Watch), or reserved use in the absence of therapeutic alternatives (Reserve).

The study incorporated an evaluation of the prescription appropriateness score, which
determined the appropriateness of prescriptions based on adherence to local protocols
and international guidelines regarding dose, duration, and route of administration. This
assessment was introduced after the study began and was carried out over 12 quarterly
cross-sectional analyses between 2016 and 2019. We considered data from patients who
received at least one systemic antibiotic between 9:00 a.m. and 12:00 p.m. on the designated
cross-sectional analysis day. The rate of recording antibiotic prescriptions was determined
in the last cross-sectional analyses. Only prescriptions detailing a therapeutic indication,
either empirical or targeted, were included. Records were considered ‘complete’ when
the name of the antibiotic, dose, route of administration, clinical indication, and expected
duration of the treatment were specified. Records were considered ‘incomplete’ if any of
these parameters were missing. Records were categorized as ‘no records’ if none of the
above parameters were available.

The following clinical indicators were assessed: length of stay, annual readmission
rates (number of readmitted patients/number of treated patients × 100), and infection-
related mortality (annual infection-associated deaths/total deaths × 100). Annual read-
mission rates were evaluated on days 15, 16–30, and 30. The annual complexity of care
was represented using the WM-DRG. In this process, the number of cases per DRG was
multiplied by its relative weight (using Spanish weights for each year) and then divided by
the total cases in that unit. We calculated the WM-DRG for all patients within a specific
unit, group, or provider.

To monitor changes in antimicrobial resistance, we regularly tracked the microor-
ganisms and resistance patterns as recommended by the national consensus on ASP in
Spanish hospitals, using the reference cut-off points (established by the Clinical Laboratory
Standard Institute [CLSI] and by the European Committee of Antimicrobial Susceptibility
Testing [EUCAST]) to define the resistant bacteria [4]. These indicators, adapted for the
pediatric population, reflect both the impact of antibiotic pressure and local epidemiological
factors. Clinical categorization of resistance studies was based on the annual guidelines of
the European Committee on Antimicrobial Susceptibility Testing (http://www.eucast.org.
Accessed on 15 November 2021).

Financial costs were derived by multiplying the total annual units of each drug
consumed with the annual updated unit costs from the hospital’s public procurement
contracts. Costs associated with centralized preparation of systemic antimicrobials for
intravenous administration in pharmacy departments were determined by multiplying the
number of vials used with the unit cost. Indirect preparation costs were not considered
as they could not be exclusively attributed to antimicrobial preparation. Costs of non-
centralized preparation were calculated by assuming the use of one vial per prescribed dose.
Savings were calculated by subtracting centralized from non-centralized preparation costs.

4.5. Sources of Information

Data on antimicrobial use, treatments, and costs for patients admitted to hospital
and surgical facilities were extracted from the e-prescribing systems Silicon® v11 (Grifols
International, S.A., Sant Cugat del Vallès, Spain) and SAP® Business Objects™ (Web
Intelligence®, Los Angeles, CA, USA). For ICU patients, data were retrieved from the

http://www.eucast.org
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Centricity™ Critical Care 8.1 SP7 software (General Electric Company, Boston, MA, USA).
Baseline patient characteristics, microbiological data, and therapeutic indications were
obtained from electronic medical records using the SAP© program (NetWeaver 7.0 SPS37,
CA, USA).

4.6. Statistical Analyses

A linear regression model was used to identify trends over time, with DOT × 100/PD
as the response variable and the period as the explanatory variable. The percentage of
variability was expressed as R-squared. The threshold for statistical significance was set
at 5%. Mean annual changes were calculated using the compound annual growth rate
(CAGR), recommended by the ECDC as a measure to visualize the average annual change
described as a percentage of consumption relative to the start year of the study period [49].
A chi-squared test was performed to analyze the relationship between the appropriateness
of antibiotic prescription and the period.

Statistical analyses were conducted using the SAS v9.4 software (SAS Institute Inc.,
Cary, NC, USA), Microsoft® Office Excel® 2007 (12.0.4518.1014) and R statistical software
(R version 3.5.2©, 2015 The R Foundation for Statistical Computing, Vienna, Austria).

5. Conclusions

This study showed that the PROA-NEN program improved antimicrobial stewardship
in a pediatric referral hospital, with a consequent reduction in direct expenditure over four
years post-implementation. Overall antimicrobial consumption, expressed as DOT/100
PD, was lower than that reported in other international children’s hospitals of similar
complexity. Notably, we found a decrease in antibiotic use in units that care for patients
who are highly vulnerable to infection, such as the P-ICU, N-ICU, and surgical units.
Beyond consumption metrics, the PROA-NEN program was also associated with more
appropriate use of antibiotics and antifungal agents without compromising clinical and
microbiological outcomes for patients.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/antibiotics13060511/s1, Table S1: Summary of publications with
antimicrobial consumption results [50].
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