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Abstract  

 

Background Antibiotic resistance in bacteria is one of the top global public health topic and 

threat to human health. One sub-species that has shown increasing occurrence of 

resistances to multiple antibiotics is represented by Enterococcus faecalis and 

Enterococcus faecium. These pathogens can cause serious infections and are commonly 

found in intensive care units. The clinical significance of vancomycin-resistant enterococci 

led to the categorization as one of the global priorities among resistant bacteria. However, 

no current study is investigating the present trend of VRE, especially not in correlation to 

antibiotic consumption. Thus, the purpose of this retrospective cohort study is to examine 

the development of VRE in general and in relation to antibiotic substances.  

Method Data from the German surveillance system SARI were used to analyze the 

distribution and the development of vancomycin-resistant enterococci and the antibiotic 

consumption rates in ICUs over the time from 2006 to 2020. Linear regression analyses 

and univariate generalized linear modeling (GLM) were conducted to examine linear trends 

in the resistance rate and resistance (incidence) density of VRE. faecium and VRE. faecalis 

and in antibiotic application densities. Multivariate GLM was performed to measure the 

influence of antibiotic consumption on increasing resistance rates and densities of VRE.   

Results VRE. faecium resistance density showed a significantly increasing trend of 1.5% 

per year with no shift in VSE. faecium. The resistance rate of VRE. faecium showed an 

annual increase of 1.7% and a minimal decreasing trend in VSE. faecium. Results of VRE. 

faecalis and VSE. faecalis indicated a constant pathogen load. Multivariate GLM identified 

the application of glycopeptides, aminoglycosides and carbapenems as risk factors in 

relation with VRE. faecium. Increased aminoglycoside use was significant for increased 

pathogen resistance rates and increasing carbapenem density was associated with 

increasing incidence densities. In VRE. faecalis a protective effect was demonstrated for a 

high application density of beta-lactamase sensitive penicillin.  

Conclusion The results of this study revealed significant changes in the trend of VRE. 

faecium and related influences of changing antimicrobial consumption densities on 

antimicrobial resistance of enterococci in German ICUs. These results underscore the high 

relevance of VRE in the context of nosocomial infections. Further biological and genetical 

understanding of the evolution of resistant enterococci is imperative and will contribute to 

improved prevention strategies to stop further resistance development.  

 

 

Keywords Antibiotic resistance, ICUs, surveillance, VRE, resistance rate, resistance 

density, antibiotic consumption  
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1. Introduction 

 

Antimicrobial resistance (AMR) is a commonly known problem in human medicine and 

public health that represents one of the most important public health topics. To be more 

precise, research findings have shown that, globally 4.95 million people die of infections 

associated with resistant pathogens per year, from which at least 1.27 million deaths are 

directly attributable to AMR [1]. 

The consequences of AMR on the healthcare system are massive. In addition to the general 

human suffering, the inability of antimicrobial substances to effectively treat bacterial 

infections has several consequences. Furthermore, antibiotic-resistant pathogens can 

spread rapidly within hospital wards, posing an additional risk to healthcare professionals 

and patients [2,3]. Beside these rapidly evolving resistance mechanism, there are no new 

antimicrobial active ingredients in the pipeline, what in turn makes it difficult to keep up with 

the emergence of new resistant strains and exacerbates the global public health problem 

additionally [4]. 

 

Vancomycin-resistant enterococci (VRE) are a subgroup of resistant pathogens causing 

hospital outbreaks worldwide. The two subspecies Enterococcus faecalis (E. faecalis) and 

Enterococcus faecium (E. faecium), which can cause enterococcal infections, have shown 

an increasing occurrence of resistances to multiple antibiotics in Germany and other 

European countries [5,6]. The rising prevalence has been accompanied by the 

dissemination of specific hospital-acquired strains, that indicate an alarming progress in the 

development of resistance mechanisms against Vancomycin [7].  

Due to similar evidence in several countries and the clinical significance of VRE, global 

health authorities categorized the pathogen as one of the global priorities among antibiotic-

resistant bacteria [8].   

 

Despite different indicators of increasing trends in VRE [7], no study has investigated the 

present development of VRE compositions in Germany. Therefore, a retrospective cohort 

study, including data from the last 15 years, was conducted to address identified data gaps 

with a focus on epidemiological aspects in relation to antibiotic consumption on German 

intensive care units (ICUs). The resulting study project and data analysis, including 

background information, research questions, methods, results and significant limitations is 

presented in this Master’s thesis.    

 



 10 

1.2 Background 

 

Global health crises, such as the SARS-CoV-2 pandemic, arise suddenly and require 

immediate action and response strategies, not only from physicians, scientists, health care 

professionals, and the health care system itself, but also from the society as a whole. Apart 

from viral pandemics, there is another microbial world that is slower to emerge, 

inconspicuous, and more intractable [1]. 

 

AMR occurs when bacteria, viruses, fungi or even parasites change their individual defense 

mechanisms and no longer respond to treatment. Although, AMR is a natural phenomenon, 

nowadays resistance mechanisms are developing more rapidly due to the misuse or 

overuse of broad-spectrum antibiotics. Thus, antibiotic resistance has significantly reduced 

the ability to treat common infections and can potentially lead to an increased risk of 

transmission to other patients or health care professionals, more severe disease, and a 

higher risk of death in affected patients [1,3].  

To date, AMR has been identified as one of the top ten global public health issues and a 

serious threat to human health by the World Health Organization (WHO). To stress the 

seriousness of the situation, AMR has further been compared to the climate crisis because 

it is an internationally shared problem that does not respect national borders and is also 

hallmarked by an inconspicuously slow progression [2].   

 

 

1.2.1 The antibiotic resistance crisis  

 

The AMR crisis is the leading increasing global incidence of infectious disease that is 

significantly affecting the human population. Infections caused by multi-resistant bacteria 

are untreatable with any known antimicrobial substance. Consequently, the crisis will have 

devastating cost on public health and human society, as both debilitating and lethal disease 

will increase in frequency and range [9]. 

 

The microbial world, including bacteria, but also various types of multicellular organisms, is 

the basis of the global ecosystem, including every ecological niche, such as the surface, 

cavity, as well as animals and every human body. The direct ancestors of microbes were 

already present at the beginnings of life, approximately 3.5 billion years ago. Despite this 

long legacy of survival on this planet, microbes are both abundant and diverse, numbering 

over 10 billion individuals, including thousands of different subtypes [10]. The key to the 
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adaptive strength and the microbes’ persistent mechanism lies in the immense numbers of 

individual microbes present in small volumes, and their rapid generation time. This rapid 

generation time is based on genetic variability, which is assured through mutation and 

reservoirs of adaptive genes. While mutation ensures responses to environmental changes, 

so-called mobile adaptive genes are available to enter different microbial communities 

through a mechanism called horizontal gene transfer [10,11]. 

Microbes of such communities are also invisible inhabitants of the external and internal 

milieu of the human body. Although, most microbial "passengers" are benign and at some 

point, beneficial for the human body, some of the bacteria serve as pathogens causing 

infections that eventually lead to lethal outcomes [3]. 

 

To combat bacterial infectious diseases, antibiotic treatments have been the main approach 

of modern medicine. The so-called "golden era" of antibiotics began in 1928, when 

Alexander Flemming discovered the first Penicillin, and ranged from the 1930s to the 1960s 

[3,9]. Since then, different antibiotic substances have been used to treat or prevented 

bacterial infections, for example during chemotherapy, or after major surgeries such as joint 

replacements, organ transplant, or cardiac interventions. Within that time, the average 

human life expectancy has changed from 56.4 years during the 1920s, to an average life 

expectancy of 80 years [10].  

Unfortunately, the rapid progress in the development of many different compounds ended 

because scientists were unable to maintain the pace of antibiotic substance discovery, 

especially in the face of increase emergence of resistant pathogens. Hence, the persistent 

failure in the development and discovery of new antibiotic substances, in combination with 

the inconsiderate use of antibiotics and the microbial resilience introduced above, represent 

the predisposing factors associated with the increase in antibiotic resistance [9,10].  

 

Additionally, AMR or multidrug-resistant (MDR) bacteria pose a serious global threat of 

growing concern to animals and the environment in general. The so-called "superbugs" 

exist across all environmental niches and share interlinked pathogens within this triad. 

Certain plausible causes of AMR include the overuse of antibiotic substances in humans, 

but also in animals, for instance in the agriculture and aquaculture industry for food 

processing. Especially in livestock, antibiotics are commonly used as therapeutics and 

prophylactics and have contributed to AMR hotspots across all continents. In fact, the 

European list of antibiotic substances which are marked as "critically important" for industrial 

agriculture includes representatives of all relevant classes of antibiotics, which are also 

used in human medicine [10,12].  

 



 12 

Nevertheless, other human-caused drivers of the global resistome should not be 

underestimated, in particular the ever-increasing human population, rising global migration, 

as well as the increasing overuse of antibiotics in health care settings, and related rising 

selection pressure [10]. 

Today, as approximately 8 billion people are living on Earth, a large number of people are 

living in communities and in close proximity, providing significant opportunities for rapid 

proliferation of infectious diseases. Furthermore, in the modern world, individuals can travel 

to different places on the planet within a day or two and the microbes they carry are able to 

cross the planet rapidly without significant barriers. This allows pathogens to be distributed 

globally. What in turn, leads to the human population being exposed to both potential and 

existing pathogens from all environments that humanity encounters [11,13].  

 

Another serious cause of rising AMR is the increased use of antibiotic treatments. The 

remarkable effectiveness of antibiotics to treat infectious disease without apparent side 

effects to the patient has led to a widespread use and a public belief that antimicrobials are 

universally effective and should therefore be applied in the first instance. The outcome of 

this belief resulted in an exuberant use and overuse of antibiotic substances and applied a 

widespread, strong, and polarized selective pressure on the microbial world [11]. In fact, 

this overuse of antibiotics as principal cause of pathogens’ resistance evolution seen today, 

was already warned by Alexander Flemming in 1945: "The thoughtless person playing with 

penicillin treatment is morally responsible for the death of the man who succumbs to 

infection with the penicillin-resistant organism", and further "the public demand [the drug 

and] then will begin an era (…) of abuses" [13,14,15]. 

 

The problem is that antibiotics eliminate sensitive bacteria but allow resistant pathogens to 

remain, to reproduce and thrive through natural selection. Although, overuse of antibiotics 

is strongly discouraged, over prescription is a persistent issue across the globe. Several 

international studies have revealed that treatment indications, antibiotic therapy duration 

and agent choice are inappropriate in 30-50% of the cases [10]. 

The random application of antimicrobials is often due to practical shortcomings in rapid and 

accurate diagnostics when it comes to infectious disease. Especially, in detecting the 

causative pathogen and more importantly, the susceptibility of the pathogen to certain 

antibiotics. Such accurate diagnosis requires multiple laboratory-based tests that often take 

several days to complete. However, a patient suffering from life threatening symptoms 

requires immediate action that often includes various antimicrobials to treat the by then 

unidentified pathogen. This certain over-use typically takes place among hospitalized 

patients, especially in patients of ICUs [16].  
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Compared to that, the ambulant antimicrobial therapy is generally based on entrenched 

methodologies and guidelines, and further applied in fixed regimen. Usually, such regimens 

last for 5-7 days, although different antibiotics have been extended to 14 days or longer. 

The assumption behind prolongated application periods is that high dosages over 

prolonged periods will completely eradicate the pathogen from the human body. However, 

recent studies suggest that the relapse rates are not significantly higher in patients who 

discontinued therapy as soon as symptoms diminish, compared to those taking the full 

course of treatment [17,18].  

 

Another important point that should not be neglected in the dynamic development of AMR 

is the so-called "antibiotic resistance pollution". The natural ecosystem provides various 

compartments that act as a reservoir for mobile genetic elements which in turn interact and 

spread to human or animal hosts. Resistant pathogens may occur in these compartments 

through the discharge of antibiotic substances, which enter the environment through several 

routes such as municipal and hospital waste, animal husbandry, manufacturing industries, 

as well as runoff from agricultural fields containing livestock manure [19].  

While the half-life of antibiotic substances ranges from hours to hundreds of days, antibiotic 

residues are considered as persistent components in environmental compartments [20]. 

  

Adding all natural and human made factors together, it becomes clear that AMR is an 

international public health emergence and needs appropriate attention to control the "global 

resistome" in the future [21,22].  

 

 

1.2.2 Vancomycin-resistant enterococci in Europe and Germany  

 

One species of the most common antimicrobial pathogens that cause nosocomial infections 

is the vancomycin-resistant Enterococci (VRE). VRE are emerging worldwide and are 

associated with prolonged in-hospital stays and an excess in mortality rates. The WHO also 

deems VRE as a serious global health threat and classified the pathogen of high importance 

in the international priority list of antibiotic resistant bacteria [23,24].  

 

Globally, VRE are commonly associated with hospital outbreaks of bacteremia and urinary 

tract infections. Especially the vancomycin-resistant Enterococcus faecium (VRE. faecium) 

has been identified as the leading multidrug enterococcus species in health care settings 

and results in high risk of fatal outcomes and exposing to further vulnerable patients. As 
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mentioned before, this challenge is also linked to treatment difficulties due to high-level 

resistances to several antibiotics [25,26].  

 

In Europe, data on that resistance in several European countries has been assembled and 

processed by The European Surveillance System (TESSy) which is coordinated and 

presented by the European Center for Disease Prevention and Control (ECDC). 

Considering data over a range of 15 years, an increase of resistant isolates of both 

Enterococcus species is noticeable in several European countries. Although vancomycin- 

resistant E. faecium isolates (see Figure 1) indicate a more rising trend with higher 

percentages than vancomycin-resistant E. faecalis samples (see Figure 2), which shows a 

mixed trend among preselected European countries [27].  

 

 

Fig. 1 Vancomycin-resistant E. faecium (isolates in %) in European countries from 2006 to 

2020; TESSy by ECDC 2023 [27]. 

 
For E. faecium Poland, Hungary, Germany and Italy have shown the highest increase in 

vancomycin-resistant isolates, while Denmark showed a slight increase and Austria 

recorded steady fluctuations over time [27].  

 

In comparison, E. faecalis isolates (see Figure 2) range between lower percentages in 

general but have clearly multiplied in Poland since 2012. While Italy shows a reverse trend 

from 2006 to 2014 with a minimal increase since then, all other countries indicate different 

shifts [27]. More detailed information and percentages for both graphs can be found in 

Appendix I.  
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Fig. 2 Vancomycin-resistant E. faecalis (isolates in %) in European countries from 2006 to 

2020; TESSy by ECDC 2023 [27]. 

 

Nevertheless, various research publications suggest that both species are among the most 

reported pathogens. The European Antimicrobial Resistance Surveillance Network (EARS-

Net), which is also a part of ECDC, reported in 2018 a mean proportion of vancomycin- 

resistant E. faecium in invasive isolates of 17.3% (0.17-0.18 95%CI) compared to the mean 

value of 10.4%, 95% CI (0.10, 0.11 95%CI) in 2014, including countries of the European 

area. Similar increasing proportions have also been documented at different country levels 

(e.g., Germany, Italy, and Norway) [27,28]. Furthermore, between the years 2020 and 2021, 

there has been an increase in reported cases of +21% in E. faecium, and +14% in E. 

faecalis in European countries. Thus, the resistance profiles of both Enterococcus species 

under European surveillance continue to be of concern [29].   

 

In Germany, resistance data is available from the Antibiotic Resistance Surveillance system 

(ARS), which is hosted by the Robert Koch Institute (RKI). The system provides data from 

university and hospital laboratories and additional commercial diagnostic companies as well 

as private laboratories. Additional data is provided through a surveillance system that 

determines antibiotic consumption and resistance development in German ICUs (SARI) [7]. 

In view of the resistance data of ARS, the development of VRE prevalence indicated a 

comparable trend on the national level in recent years (see Figure 3) [7].  
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Fig. 3 Resistance rate (in %) of VRE. faecium blood cultures in Germany from 2017 to 2019 

[7]. 

 

In 2017 the ratio of VRE in blood cultures of continuous participating hospitals was at 17.4%, 

(0.16-0.188 95%CI) and increased up to 23.4%, (0.219-0.25 95%CI) in 2018 and further to 

25.1% (0.236-0.267 95%CI) in 2019. That year, the resistance proportions were clearly 

above 20% in all German regions [7].   

 

Simultaneously, the German reference center (NRZ) also reported an increase in VRE 

cases between 2014 and 2018 [30]. Even after the exclusion of any selection bias when 

using data from contributing ICUs, it became clear that the increase in VRE bloodstream 

infections was substantial with rising results from 5.5% to 21.6% [31]. Accordingly, data 

from studies conducted by the Paul Ehrlich Society in 2010, 2013, and 2016 revealed a 

sustained increase in resistance rates among E. faecium isolates from 12.6% (n=301), 

16.6% (n=320), up to 24.4% (n=316) [32].  

 

In spite of this evidence, a comprehensive epidemiological picture of invasive VRE in 

Europe and Germany is still lacking. To deepen the understanding of the increasingly 

problematic situation, epidemiological trends of vancomycin-resistant E. faecium and E. 

faecalis and associated determining factors (e.g. antibiotic consumption) need to be strictly 

observed and studied on a national and international level [30,7].  

 

 

 

 

R
es

is
ta

n
ce

 r
at

e 
in

 %
 



 17 

1.3 Study purpose and research question  

 

Due to incomplete epidemiological data the purpose of this master’s thesis will be a detailed 

retrospective analysis of the available data of the last 15 years with respect to the German 

surveillance system SARI. The project will serve as a basis to examine specific trends, 

including the development among targeted pathogens, and furthermore in context to 

antibiotic consumption. What in fact, is relevant due to recent indicators of differences 

among rising incidences in VRE. faecium and stagnating incidences in VRE. faecalis [7].  

Therefore, the data included is intended to examine differences in resistance rates and 

densities of the above pathogens and, as resistance mechanisms increase, to identify any 

changes in the load of resistant pathogens in relation to sensitive pathogens. Furthermore, 

the research project will examine whether there are analogous trends on the application 

densities of specific antibiotic groups, which are used for the treatment of VRE infections.  

To investigate recent observations, the following two research questions are the essential 

content of the presented research project:  

 

1. Are there differences in the development of resistance rates and resistance 

densities of the selected pathogens: Vancomycin-resistant Enterococcus faecium, 

vancomycin-resistant Enterococcus faecalis?  

In particular, as resistance mechanism increase, does the load of resistant 

pathogens increase with a constant load of sensitive pathogens, or does a switch 

from sensitive to resistant pathogens occur within a constant load of pathogen 

species?  

2. Are there analogous trends on the application densities of specific antibiotic groups 

used for the treatment of vancomycin-resistant Enterococci infections?  

 

Accordingly, the hypotheses of the planned thesis will include the following:  

 

(1) The distribution of the antimicrobial resistant pathogen vancomycin-resistant 

Enterococcus faecium and vancomycin-resistant Enterococcus faecalis indicates 

changes over the past 15 years, especially regarding the load of sensitive and 

resistant pathogens among both species.  

(2) There is a correlation between increasing resistance rates among both pathogens, 

vancomycin-resistant Enterococcus faecium and vancomycin-resistant 

Enterococcus faecalis and application densities of specific antibiotic drugs (e.g., 

glycopeptides).  
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1.4 Structure of thesis  

 

First, a brief overview of relevant terms and definitions will be provided for a better 

understanding of the microbiological, medical, and epidemiological context. This includes 

background knowledge on pathogens, antibiotic resistance and VRE related epidemiology. 

The field of infectious disease epidemiology and the surveillance tool will then be 

introduced, which leads into the methods section of the thesis. Next, the research process, 

starting with the literature review, study design, and data collection beyond detailed 

statistical analyses is described. Following this, the research findings will be presented and 

critically reflected upon the discussion part. The thesis will finally be completed with the 

conclusion section and provides additional data in the appendix. 

 

 

2. Terms and definitions  
 

In order to understand the context and the subject of the presented research project, 

technical terms and definitions are first explained. For this purpose, specific definition 

approaches are used, as well as delimitations to similar terms are made.  

 

 

2.1 Bacterial pathogens  

 

Bacterial pathogens are responsible for about half of all human diseases. For example, 

more than 1 million people die each year of the lung disease tuberculosis, caused by a 

bacterium. And another 2 million people die each year from diarrhea, the result of various 

bacteria [33]. The group of pathogens that is studied within the presented research project 

belongs to prokaryotic cells, which are unicellular cells that contain desoxyribonucleic acid 

(DNA) and ribonucleic acid (RNA) at the same time. Prokaryotic cells are classified into two 

domains, including archaea and eubacteria and differ significantly in their structure and their 

variety of shapes [33,34]. Bacteria consist of a rigid cell wall (exoskeleton) and possess so-

called locomotion organelles (flagellum). The cell wall is a significant key feature in bacteria, 

and contains peptidoglycan, which is a polymer composed of modified sugars that are 

cross-linked by short polypeptides [33,34]. 

The types of bacteria that are particularly relevant in the field of infectious disease medicine 

and infectious disease epidemiology are classified by their shape what leads to three groups 

including coccus, rod-shaped and spiral bacteria [35].  
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A further classification, which is particularly important for medical bacteriology, is based on 

the thickness and composition of the cell envelope of a bacterium. The different 

procurement of the cell walls divides them into the two groups of Gram-positive and Gram-

negative bacteria. These groups were named after bacteriologist H.C.J. Gram, who first 

demonstrated the differentiation of cell wall composition by staining and washing out 

bacteria microscopically [33].  

Gram-positive bacteria, that are present in this master’s thesis, have a multilayered cell wall 

with a relatively large amount of peptidoglycan, which can considerably exceed the 

thickness of the cell wall of a Gram-negative bacterium [35,36]. At this point, Gram staining 

is a valuable tool in medicine to quickly determine if a patient’s infection is due to Gram-

negative or Gram-positive bacteria. This information has also treatment implications. In fact, 

the effectiveness of antibiotics depends on their inhibition of the previously introduced 

peptidoglycan cross-linking in bacterial cell walls [33,36].   

 

Also different to animal or human cells is the internal organization of bacteria and bacterial 

DNA. The genome of prokaryotic cells is structurally different from the eukaryotic genome 

and has considerably less DNA [33]. The bacterial genome is equally important in the field 

of medicine and microbiology due to its ability of rapid reproduction, mutation, gene 

arrangement, and genetic diversity through activating and silencing mechanisms. Thus, 

even the smallest difference in the genetic recombination within a particular bacterial 

species can significantly influence the pathogenic potential of the species [37].  

 

 

2.1.1 Enterococci  

The bacteria that are relevant for the given research question are enterococci, which are 

Gram-positive, facultative an-aerobic, catalase-negative bacteria and form a genus of chain 

cocci, classified in the family of Enterococcaceae. They include over 17 different species 

and are usually colonized as natural commensals in the intestines of humans and animals. 

Only a few types of enterococci cause clinical infections and are relevant due to increasing 

antibiotic resistant strains. The species medically relevant include Enterococcus faecium 

and Enterococcus faecalis [38,39].  

Infections caused by enterococci develop through an endogenous pathogenesis. Due to 

the anatomical proximity of the anus and urethra, a contamination with enterococci of the 

urogenital aera may occurs and leads to a urinary tract infection. In other cases, the bacteria 

can cause peritonitis via intestinal perforation. Further infections caused by enterococci may 
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be soft-tissue infections, sepsis, endocarditis, and respiratory infections, as well as 

nosocomial infections that are triggered by medical devices (e.g., catheters) [38]. Infectious 

diseases or blood stream infections caused by these pathogens are difficult to treat, as 

ordinary doses of antibiotics aren’t strong enough to effectively treat the clinical disease 

pattern [39].   

 

Enterococci are intrinsically resistant to many commonly used antimicrobial agents 

including most cephalosporins and semi-synthetic penicillin. They also exhibit a diminished 

susceptibility to ampicillin, even though the level of resistance to ampicillin does not 

preclude the clinical use of this agent for many strains. In fact, ampicillin remains the 

treatment of choice for enterococcal infections [40,41].  

 

 

2.2 Antimicrobials and antimicrobial resistance 

 

Antimicrobial substances that affect the growth process in bacteria are called antibiotics. 

These agents inhibit the reproduction of bacteria through different effects. A general 

distinction of the effects is made between reversible (bacteriostatic) and irreversible 

(bactericidal) inhibition [42].  

 

Antimicrobials have been present in nature longer than they were used by humans; today’s 

man-made antimicrobial substances are used as therapeutic treatments to prevent or treat 

infections caused by bacteria. Antibiotics are not effective in viral infections or mycosis. In 

bacterial infections they can kill the microorganisms and prevent their growth by targeting 

key steps in cellular metabolisms of the pathogen, such as the synthesis of biological 

macromolecules, the activity of enzymes, or cellular structures, including the cell wall and 

cell membrane [43].    

 

The different types of substances are categorized into narrow, broad, or extended spectrum 

agents, and additionally classified by their mechanism of action. Antibiotic agents work by 

inhibiting the bacterial cell wall synthesis, the essential protein synthesis of the bacteria, or 

interfer with the bacterial RNA synthesis by binding to a certain subunit on a bacterial 

enzyme that is responsible for the RNA duplication (see Figure 4) [44].  

The antimicrobial treatment that plays a decisive part in the present research project is 

vancomycin, which is a glycopeptide and usually used against infections caused by Gram-

positive staphylococci [43,44]. 
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Fig. 4 Different resistance mechanism of action in bacterial cells [45]. 

 

Antimicrobial resistance, short AMR, is defined as the ability for microorganisms to survive 

and be viable under the influence of antimicrobial agents [46]. As such, antibiotic resistance 

is considered as existing when a microorganism shows reduced sensitivity to antibiotic 

substances. Pathogens that show reduced or complete insensitivity to several antibiotics or 

entire groups of antibiotics are referred to as multidrug resistant bacteria [47].  

 

The development of resistance itself is a natural process that can occur in humans and 

animals, as well as the ecological environment or even in food. However, these resistances 

are becoming more common and are based on the evolutionary process of mutation and 

the transmission of resistance genes, between and across different bacterial species. Per 

definition, a bacterial pathogen is resistant to an antibiotic substance when the minimum 

inhibitory concentration is so high that therapeutic success fails to occur even with the 

maximum dosage used [42,48].  

 

 

2.2.1 Vancomycin-resistant enterococci  

 

The classification of resistant bacteria that is defined to describe the epidemiology of 

resistant germs, is based on the distinction between Gram-positive and Gram-negative 

groups, as well as on the corresponding groups of active substances to which a pathogen 

strain is resistant. Thus, the traditional naming occurs after leading antibiotic substances to 

which the concerned pathogen is resistant to (e.g., methicillin, vancomycin) [49,50].  
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Gram-positive enterococci have several factors that allow the pathogen to survive and 

multiply with a selective advantage in areas where antimicrobial substances are heavily 

used, such like the hospital environment. An essential factor is the extensive resistance to 

a wide range of antimicrobial agents. This advanced resistance of VRE includes intrinsic 

resistances to antimicrobial agents such like beta-lactams and aminoglycosides, as well as 

acquired mechanisms through plasmids1 and mobile transposons2 against glycopeptides, 

quinolones, tetracyclines, and macrolides, as well through horizontal transfer mechanisms 

of resistance genes [51,52].  

 

The specific mode action of vancomycin and other glycopeptide antibiotics is to block the 

bacterial cell wall formation by targeting its building blocks. The substance binds to certain 

lipids and leads to the obstruction of penicillin binding protein (BPB) activity that is usually 

cross-linked to other lipids and supports the mature cell wall. Consequently, the integrity of 

the cell envelope is compromised, then leading to osmotic stress and bursting of the 

bacterial cell [55]. 

Vancomycin, what is known as drug of last resort for the treatment of severe infections 

caused by Gram-positive bacteria has long been considered immune to resistance. 

However, a complex resistance mechanism has emerged and is widely disseminated what 

now threatens the clinical efficiency of vancomycin [52,55]. The mechanism in VRE involves 

two different pathways: the replacement of the terminal D-Ala enzyme with D-lactate, which 

results in high-level resistance through the elimination of hydrogen bonds, leading then to 

a significant decrease in substance affinity, or with D-Ser amino acid, producing low-level 

resistance by decreasing the binding affinity of glycopeptides for peptidoglycan precursors 

[56].  

 

From a medical point of view, VRE. faecium has emerged as the most therapeutically 

significant organism in the last 10 years. Microbial and a patient’s host factors can lead the 

enterococcus from a second-rate pathogen to a first-rate clinical problem. This is caused 

by inherent anti-microbial agents and their capacity of acquiring additional determinants of 

antibiotic resistance [57]. Generally, enterococci related infections are treated with 

ampicillin, amoxycillin or similar penicillin substances, and in difficult cases in combination 

with aminoglycosides. In case of resistance against both combined substances, a 

 
1 Plasmid is a genetic structure that can replicate independently of the chromosomes, typically a 

small circular DNA strand in the cytoplasm of a bacterium or protozoan [53]. 
 
2 Transposon is a genetic element that moves from one site in a chromosome to another site in the 
same or a different chromosome and thus alter the genetic constitution of the organism [54]. 
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glycopeptide would be the product of choice. If then a glycopeptide resistance also occurs, 

the therapeutic options are severely limited [58].     

Considering both enterococci, VRE. faecium shows higher resistance rates including 

additional substances that include cephalosporines, carbapenems, aminoglycosides and 

quinolones [58, 59].  

 

 

2.2.2 Epidemiology of VRE  
 

Among all VRE colonization, E. faecalis is the most common cause of infections, although 

E. faecium is intrinsically more resistant to antimicrobial substances including vancomycin 

and more often associated with nosocomial isolates [60,61]. Risk factors for such 

colonization involve the individual’s characteristics, especially overall health and past or 

current exposure to antimicrobials, including oral or intravenous administration of 

vancomycin, cephalosporins, aminoglycosides and further anti-anaerobic agents. An 

increased risk is also given due to immunosuppression, hematological malignancies, organ 

transplantation, as well as increased hospital days in ICUs, residence in long-term care 

facilities, and exposures to other colonized or infected patients [60,61].  

 

The transmission of VRE is affected by health care professionals that can transmit the 

pathogen between patients due to its long survival on even washed skin. VRE can persist 

on hands for up to 60 minutes and on other surfaces, such like beds, side tables or medical 

devices for up to four months [52]. Consequently, the common pathway for nosocomial 

infections with VRE begins with person-to-person contact or exposures to contaminated 

objects [62]. 

 

 

3. Infectious disease epidemiology  

 

To observe the above-mentioned development of antibiotic resistance and its spread 

among different populations, the special field of infectious disease epidemiology provides 

various tools to study such trends and correlations. The field also includes the evaluation of 

different factors that lead to an infection, promote transmission, and exposures associated 

with clinically recognizable disease among those who are infected [63]. It also serves as a 

basis for the development of prevention strategies or to put an end to the spread of diseases 

[64].  
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For public health professionals, the most important features that come with epidemiological 

data are the prevalence, the incidence, as well as routes of transmission and susceptible 

populations. These aspects are of great importance in developing an action plan and control 

program [64,65]. Thus, (infectious disease) epidemiology is the basic science of preventive 

medicine, that understands the importance of causative agents, risk factors and 

transmission processes [64].   

 

 

3.1 Surveillance of AMR 

 

One major function tool in the field of infectious disease epidemiology is a monitoring 

system that collects relevant data and information for the purpose of health care and 

prevention. Such surveillance tool is also necessary to inform policies and guide responses 

during outbreak events [64].  

 

In Europe, there are different tools and surveillance systems that are used to monitor and 

observe relevant data about infectious disease. Accordingly, information on antimicrobial 

resistance numbers is also recorded and evaluated through experts and published by the 

European Center for Disease Prevention and Control (ECDC) afterwards [66].   

To participate in the European and global network for AMR, including the Global 

Antimicrobial Resistance Surveillance System (GLASS) of the WHO, Germany has 

established the Antibiotic Resistance Surveillance (ARS) covering both inpatient hospital 

care and the outpatient care sector [67]. In addition, Germany has another surveillance 

system that monitors data of resistance rates, densities, and antibiotic consumptions in 

German ICUs. The SARI system aims to represent actual-states and identify trends and 

developments in antibiotic consumption and resistant pathogens [68,69]. Furthermore, an 

separate antibiotic consumption surveillance system (AVS) records defined data of 

antibiotic application densities in German hospitals by the use of anatomical therapeutic 

chemical and defined daily doses (ATC/DDD) that are pre-specified in the WHO’s 

classification system [70].  
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4. Method  
 

In the following section, the methodological approach of the current thesis is presented, as 

well as the execution of the data analysis from the German surveillance system SARI. 

Beginning with a brief description of the initial literature review, an explanation of the used 

surveillance technology, including specific definitions, for understanding the data analysis 

is provided. Finally, an explanation of the statistical data analysis and an assessment of the 

techniques used will follow. 

 

 

4.1 Literature review  
 

Initially, a literature research and review of related scientific articles and publications was 

conducted. For the purpose of understanding terms and definitions, the medical library at 

the Charité Campus Berlin Mitte and the medical library at the medical university of 

Brandenburg were used for relevant literature and reference books. Moreover, a computer-

based literature search was conducted including online libraries of the Charité university 

and the Hamburg University of Applied Sciences (HAW). In addition, published articles and 

research findings considering the same data base were reviewed. Regarding international 

databases, PubMed, Free Medical Journals, Springer Link, Elsevier and, in certain cases, 

Google Scholar were used for online research. Official websites of health institutions or 

governmental offices including the WHO, the RKI, the EDCD and the German Ministry of 

Health were also considered for public health related information. In addition, individual 

articles were provided by the responsible team and cooperating colleagues of the NRZ.  

 

The following literature investigation contained definitions in specific educational books, 

national and international study reports, publications in scientific journals, and systemic 

review articles. The research considered German and English specialist literature.  

For the purpose of the background writing and discussion part central terms were used for 

the online literature search. These terms included "antimicrobial resistance", "resistant 

pathogens", "antibiotic resistance", "enterococci", "vancomycin resistant enterococci", 

"nosocomial infection", "infectious disease epidemiology", "transmission of antimicrobial 

resistant bacteria", "VRE", "VRE mechanism", "surveillance", "surveillance of resistant 

pathogens", "AMR", "AMR in Europe", "AMR in Germany", "VRE in Germany", "AMR 

surveillance", "AMR in ICUs". Furthermore, terms including "AMR", "resistant pathogens", 

"VRE" and synonyms mentioned previously were linked to different other terms including 

"epidemiology", "surveillance", "nosocomial infection", "public health", and "health crisis", 
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by using "AND" as operator in PubMed and Google Scholar (e.g., "VRE AND resistance 

mechanism", "antibiotic resistance AND surveillance", or "resistance AND enterococci").   

Results from queries for the purpose of this background writing have been limited to a ten-

year period, beginning with literature from the year 2013 and up to 2023. Further technical 

literature that was perused for the purpose of definitions or the explanation of subject-

specific terms, including microbiological techniques and medical terms, was expanded to a 

23-year period, starting with book sources and biomolecular papers from 2000.  

 

After excluding duplicates, the subsequent review of the titles and abstracts was performed 

via a skim-through reading of titles, abstracts and, when indicated, of section headings for 

content related to VRE, nosocomial infections, epidemiological information on VRE, 

surveillance of VRE and or AMR in general, AMR and public health and topics related to 

the evolution and spreading of VRE in Europe and Germany. Following that step, remaining 

articles and reviews were read and screened for relevant context and information about the 

topic of interest. Articles that contained other additional pathogen species and/or different 

variables irrelevant for the presented research question were excluded at this point.  

The entire process resulted in a significant shortlist of the most relevant articles, reviews, 

and study findings, including 68 resources for the background writing and a total of 87 

results as the basis for the entire thesis. A detailed process chart can be found in Appendix 

II.  

 

 

4.2 Study design and data collection  
 

In order to investigate the epidemiology of VRE and the related load of sensitive and 

resistant pathogens among both species and the consumption of antimicrobial substances, 

a retrospective cohort study was conducted to analyze data from the SARI database from 

2006 to 2020. 

The study includes data from German ICUs that participate on a voluntary basis and report 

their data on a monthly basis. Due to the voluntary nature of the participation, the available 

data from individual units in SARI can change over time, potentially altering the set of ICUs 

that provided clinical data throughout the time period that was determined for the presented 

cohort study. Nevertheless, the information that is gained from this retrospective study can 

be helpful to plan further prospective studies to follow up the development of resistance 

rates.  
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4.2.1 Retrospective cohort study  
 

For the purpose of the presented research question, a retrospective cohort study design 

was applied and conducted. A cohort study refers to groups of individuals with 

characteristics who are followed up over time to determine incidence, mortality and 

morbidity rates and other outcomes [71]. Particularly in clinical research, cohort studies are 

appropriate to examine evidence of a link between an exposure and an outcome [71], as it 

is also assumed within the second present hypothesis regarding the antibiotic consumption 

and increasing resistance rates in VRE. 

Due to the longitudinal design of a cohort study, many different variables can be examined 

either over time or retrospectively, as it is the case in this research project. From this 

retrospective study design, conclusions shall be drawn about resistance rates, densities, 

and ratios of pathogen densities. Although statistical causality cannot be established 

through the chosen study design, the resulting data are useful to provide evidence that 

suggests information regarding the strength of the association between antibiotic 

application densities and increasing resistance rates.  

 

The retrospective time period was determined for 15 years, starting from January 2006 and 

including all available data up to December 2020. This time period was chosen due to an 

increased participation among German ICUs and more extensive available data.  

 

 

4.2.2 Surveillance system SARI 
 

To fulfill the purpose of the retrospective cohort study a comprehensive data acquisition 

was ensured through the German surveillance system SARI.  

The SARI project was first implemented in February 2000 and initially tested for one year. 

Since then, the monitoring tool has continuously recorded resistance rates of different 

pathogens and antibiotic application densities from various German ICUs [72,73]. The 

surveillance system was established and is still run by the NRZ at the Institute for Hygiene 

and Environmental Medicine Charité in Berlin and the National Reference Center for 

Hospital Hygiene (NRZ-F) at the university hospital in Freiburg, Germany [74]. Thus, SARI 

is an important part of the network of infectious disease epidemiology (SIR – Spread of 

Nosocomial Infections and Resistant Pathogens) that aims to record the antimicrobial 

application and MDR on ICUs and to correlate both variables with one another. 
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The participation in SARI is voluntary, although different requirements have to be fulfilled, 

e.g., the official compliance of responsible head physicians, the readiness for the 

implementation of external and internal quality processes, as well as available laboratories 

that can determine antibiotic susceptibility according to DIN 58940 (Deutsches Institut für 

Normung), NCCLS (National Committee for Clinical Laboratory Standards), CLSI (Clinical 

& Laboratory Standards Institute) or EUCAST (European Committee on Antimicrobial 

Susceptibility Testing) guidelines. Furthermore, available data needs to be transmitted 

online on a monthly basis via a computer-based system. In return, the NRZ evaluates the 

data and assists with professional advices and expertise. In addition, participating units 

receive information on their own data, as well as current frequency distributions of 

resistance densities and antibiotic consumption trends [74].  

Each participating SARI-hospital has a contact person who is responsible for the digital data 

transfer. The monthly submitted data include the following:  

 

- Patient days/ units  

- Pharmacy/ units  

- Resistance data/ units. 

 

Pharmacy data includes oral or parenteral antimicrobial consumption (in g), and laboratory 

data provides information on resistant pathogens, although screening samples and copy 

strain3 are not included. All relevant pathogens and associated antimicrobial substances 

that are captured in SARI are pictured in Table 1.  

 

Pathogen Antimicrobial agent 

Staphylococcus aureus  Oxacillin, vancomycin, teicoplanin, gentamicin, 

ciprofloxacin/ ofloxacin, quinupristin/dalfopristin, 

linelozid 

Staphylococcus pneumoniae  Oxacillin, cefotaxime, vancomycin, 

erythromycin, ciprofloxacin/ ofloxacin, 

levofloxacin, moxifloxacin 

Coagulase-negative staphylococci Vancomycin, teicoplanin 

Enterococcus faecalis 

 

 Enterococcus faecium 

Escherichia coli, Klebsiella pneumoniae 

Ampicillin, vancomycin, teicoplanin, 

ciprofloxacin, levofloxacin, moxifloxacin,  

see E. faecalis, linezolid 

Cefotaxime/ ceftazidime/ ceftriaxone, imipenem, 

 
3 Repeated sample of the same bacterial strain with the same resistance within 30 days [74]. 
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Pathogen Antimicrobial agent 

 meropenem, ciprofloxacin, amikacin, 

piperacillin/tazobactam, ampicillin/ sulbactam, 

amoxicillin/ clavulanic acid  

Enterobacter cloacae, Citobacter, 

Serratia marcescens 

Imipenem, meropenem, amikacin, ciprofloxacin, 

levofloxacin 

Acinetobacter baumannii Ceftazidime, cefuroxime, piperacillin/ 

tazobactam/ sulbactam, imipenem, meropenem, 

amikacin, ciprofloxacin 

Stenotrophomonas maltophilia  Ceftazidime/ cefotaxime, ciprofloxacin, 

piperacillin/ tazobactam, amikacin, levofloxacin, 

cotrimoxazol 

Source: Own representation following the SARI Protocol [74]. 

Table 1: Antibiotic pathogens and collected data of associated susceptibility. 

 

Relevant data from the hospital pharmacies are first sent to Freiburg, where the data are 

converted into so-called defined daily doses (DDDs) according to the Anatomical 

Therapeutic Chemical Classification system (ATC). The DDDs are predetermined by the 

WHO and defined as "The assumed average maintenance dose per day for a drug used for 

its main indication in adults" [74,76]. Despite this definition, it is important to mention that 

the DDDs do not reflect the actual recommended or prescribed daily dose (RDD). For the 

presented study method and in the purpose of international interpretation of hospital 

surveillance data the DDDs are referred to 1000 patient days [74,77]. 

For further data processing, the antibiotic use density and incidence density of pathogens 

are calculated for each individual ICU. For comparability, resistance rates are collected per 

1000 patient days [77]. 

 

 

4.3 Statistical analysis  
  

To answer the research questions of the thesis, relevant variables and different 

mathematical and statistical analyses are described in the following chapter. The data were 

extracted from SARI and transposed into Microsoft Excel Version 16.76. The following 

analyses were conducted also using Microsoft Excel Version 16.76, as well as SPSS 

Statistics Version 29.0. [IBM SPSS statistics, Somer, NY, USA] and SAS Version 9.4 [SAS 

Institute, Cary, NC, USA] supported by the NRZ.  
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A detailed listing of relevant data records, example commands and outputs can be found in 

Appendix III, VII.  

 

 

4.3.1 Relevant variables  
 

For the analysis of the captured data multiple variables are determined to investigate trends 

and differences in the distribution of VRE. Following, these variables and their definitions 

are explained, including the description of the variables in context of the distribution of VRE. 

faecium and VRE. faecalis and coherent resistance densities, as well as antibiotic 

consumption densities in German ICUs.  The definitions are specified in the official SARI 

protocol [74]. 

 

The variables are calculated to obtain appropriate data on resistance densities, resistance 

rates, and antibiotic use densities. The resistance density corresponds to a number of 

resistant pathogens in relation to 1000 patient days. 1000 patient days refer to an 

annualized number of hospital days that are used in a year for each thousand covered 

patients. The resistance density (RD) is defined as:  

 

           Number of resistant pathogen x 1000 

RD = 

         Patient days. 

 

The resistance rate refers to numbers of resistant isolates of a pathogen from a certain 

species in relation to all tested pathogens of this species. The resistance rate (RR) is 

defined as:  

 

Number of resistant isolates of a species 

  RR =                      x 100. 

Number of all tested pathogens of this species 

 

The antibiotic use density (AD) is calculated as the DDD per 1000 patient days. The formula 

is defined as follows:  

  

Antibiotic consumption (g)             1000 

AD =         x 

Defined daily dose (g)      Patient days. 
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Next, variables targeting the pathogen species of interest were identified from the extracted 

SARI data set and specified (see Table 2).  

 

E. faecium and E. faecalis cases are differentiated into total tested, total resistant to 

vancomycin and vancomycin resistances of both species per 100 patient days what equals 

the resistance density per 100 patient days.  

 

Variable name Label  Characteristic of variable 

tB13i Total E. faecium  - 

tG13A4 Total tested E. faecium Number E. faecium 

tR13A4 Total resistant VRE. faecium Number VRE. faecium 

tB6l Total E. faecalis  - 

tG6A4 Total tested E. faecalis Number E. faecalis 

tR6A4 Total resistant VRE. faecalis Number VRE. faecalis 

RR13A4 RR VRE. faecium  
Resistance rate VRE. faecium 

(per 100 E. faecium) 

RR6A4 RR VRE. faecalis  
Resistance rate VRE. faecalis 

 (per 100 E. faecalis) 

RP13A4 RD VRE. faecium  
Resistance density VRE. 

faecium per 1000 patient days 

RP6A4 RD VRE. faecalis  
Resistance density VRE. 

faecalis per 1000 patient days 

Table 2: Overview of variables included in statistical analysis (pathogens). 

 

In order to examine the increasing resistance rates and densities in relation to assumed 

higher antibiotic use densities, further variables addressing multiple substances needed to 

be identified. With the help of a medical specialist enterococci-related antimicrobial 

substances were gated and determined (see Table 3). For this analysis relevant antibiotic 

substances were analyzed in sub-groups related to their ATC-classifications. Individual 

associated compounds of each substance group and associated application forms can be 

found in Appendix IV.  

  



 32 

Variable name 
Label/ Substance group  

= DDD ATC per 1000 patient days  
ATC code 

g1 Beta-lactamase sensitive penicillin  J01CE 

g2 Broad-spectrum penicillin  J01CA 

g3 Beta-lactamase resistant penicillin  J01CF 

g4 
Penicillin + lactamase inhibitors 

(antipseudomonal penicillin excluded)  
J01CR 

g5 Cephalosporins (1st generation)  J01DB 

g6 Cephalosporins (2nd generation)  J01DC 

g7 Cephalosporins (3rd generation)  J01DD 

g7a Cephalosporins (4th generation)  J01DD 

g8 Carbapenems  J01DH 

g9 Monobactams  J01DF 

g10 Glycopeptides  J01XA 

g11 Fluoroquinolones  J01MA 

g12 Sulfonamides and trimethoprim  J01E 

g14 Tetracyclines  J01AA 

g16 Macrolides  J01FA 

g18 Aminoglycosides  J01G 

g21 Imidazole derivates  J01XD 

g22 Other antibiotics  J01XX 

Table 3: Overview of variables of antibiotic substances included as antibiotic use density in 

statistical analyses. 

 

For the analyses, matched data were included from all ICUs that delivered separated 

information regarding the selected pathogens and the use of antibiotic substances. Data 

was collected from separate data bases regarding ICU and months. If either information 

was missing, the concerned ward was excluded from the data set.  
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The data level of all pathogen and antibiotic application associated variables is metric. The 

resulting values depend on calculated variables due to varying characteristics of resistance 

rates and densities.  

 
 

4.3.2 Descriptive analyses 

 

Initially, a descriptive analysis of the whole data set with the attention to the variables 

identified above was conducted by creating tables and visual graphs in Microsoft Excel. To 

get an overview of the participating ICUs and the completeness of available data on 

pathogen rates and densities, as well as antibiotic application densities, the data were 

scanned for missing and unreasonable values.  

Next, the variables "Total tested E. faecium", "Total resistant VRE. faecium", "Total tested 

E. faecalis", "Total resistant VRE. faecalis", "RR VRE. faecium", "RR VRE. faecalis", "RD 

VRE. faecium", and "RD VRE. faecalis" were checked for calculated numbers, percent and 

pooled means of the investigated parameters. The same procedure was applied for the 

pooled variables of antibiotic substances, including "g1 – g12", and "g14, g16, g18, g21, 

g22". All variables of interest were first analyzed descriptively, which includes absolute 

frequencies, minimum and maximum values. Additionally, graphs were generated to 

demonstrate the individual distribution of different ICUs over time and the differences 

among both pathogen subspecies, as well as the application density of antibiotic 

substances.   

Due to the relevance of glycopeptides in the context of vancomycin-resistant enterococci, 

an exemplary trend analysis was conducted to get an impression of the retrospective and 

predictable development of the glycopeptide application density by calculating linear trends.  

 

Additionally, in the generalized model for the descriptive analysis number and percent’s for 

categorial parameters were calculated and median and interquartile range (IQR) were 

calculated for continuous parameters. After this, differences were compared using Chi-

square or Kruskal-Wallis test. Next 

 

 

4.3.2 Linear regression analyses   

 

Next, a linear regression model was calculated to test the existing linearity of the pooled 

rates per year for both pathogen-related variables and antibiotic use density per year. This 

model was conducted to get an initial estimation of how the variables have changed in 15 
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years and whether a general linear trend is identifiable. This analysis was not yet assessed 

for individual observations or patient days per year and served as initial test for linearity in 

the pooled rate.  

 

The independent variable of all models is the year, measured in one year each including 

data from 2006 to 2020. For the depending variables, there are "Total resistant VRE. 

faecium", "Total resistant VRE. faecalis", "RR VRE. faecium", "RR VRE. faecalis", "RD VRE. 

faecium", and "RD VRE. faecalis". In addition, the pooled variables for all antibiotic 

substance groups were analyzed, including "g1 – g12", and "g14, g16, g18, g21, g22".  

For the goodness of fit of the model, the correlation coefficient R, the R2 and adjusted R2 

are rated to provide an understanding of the percentage of variation of the dependent 

variable that can be explained by each year. Furthermore, the F-statistics of the analysis of 

variance (ANOVA) will be reported to check the overall significance of the model. The effect 

size of the year on the outcome will be given by the unstandardized coefficient (B) and its 

standard error (SE). Significance is indicated by the p-values of the t-statistics with a 

significance level of p ≤ 0.05 [79].  

 

 

4.3.4 Generalized linear model  

 

Due to the mathematical limitations of the simple linear regression model, the next step was 

to perform a more flexible regression analysis that allows changes in unconstrained inputs 

to affect the output variable on an appropriately constrained scale. For this, a generalized 

linear model (GLM) was performed [79]. The model was first built for the univariate analyses 

and then for a multivariate linear analysis.  

 

 

4.3.4.1 Univariate analysis   

 

First, univariable, and multivariable regression using GLM was performed to estimate the 

association of the frequency of the pathogens VRE. faecium and VRE. faecalis per month 

with different antimicrobial groups in the current month and the month before the current 

month and further confounding parameters such as trend, year, season, and type and size 

of ward and hospital.  

For the analysis of resistance rates, including the variables "RR VRE. faecium", "RR VRE. 

faecalis", a GLM with response equal to the binomial proportion of resistant pathogens per 



 35 

tested pathogens was calculated. For this the variables "Total tested E. faecium", "Total 

resistant VRE. faecium", "Total tested E. faecalis", "Total resistant VRE. faecalis" were 

used. For the calculated model the probability distribution was binomial, and the link function 

was logit.  

For the analysis of incidence densities including the variables "RD VRE. faecium" and "RD 

VRE. faecalis" (pathogens per 1000 patient days), a GLM with negative-binomial 

distribution was calculated instead of Poisson distribution, because the variance exceeds 

the mean and an overdispersion was observed. Following, the Lagrange multiplier test was 

used to test whether the negative binomial model significantly differs from the Poisson 

model. In addition, the log number of patient days during each month was used as an offset 

in the model.  

Since observations within a ward are not statistically independent due to diagnostic and 

management policies, in particular the frequency of microbiological tests and screenings, 

and the timely development, adjusted incidence rate ratios (IRR) with 95% confidence 

intervals (CI) were estimated. The IRRs were based on generalized estimating equation 

(GEE) models that account for such clustering effect by using an autoregressive correlation 

structure [80].  

 

 

4.3.4.2 Multivariate analyses 

 

Multivariable regression models were calculated to examine independent risk factors in 

relation to the presented research question. For this model building all parameters with p < 

0.2 in the univariable regression model were included in a full model and then non-

significant parameters excluded by variable selection stepwise backward. The selection 

criteria were the smallest Chi-square value and p ≥ 0.05 in the type III score statistic. The 

quasi-likelihood information criterion (QIC) as a modification of the Akaike information 

criterion (AIC) was used as goodness-of-fit measure in the GEE model.  

Two models were calculated afterwards. The models considered all identified isolates on 

the ICUs. Antimicrobial agents that are relevant for the treatment of VRE (e.g., daptomycin, 

linezolid and tigecycline) were excluded from the analysis [23]. For better interpretation, the 

antibiotic application density in the statistical models was calculated by 100 patient days, 

consequently the estimated effects in the model can interpreted as per 1 DDD per 100 

patient days. 

In the sensitivity analysis, to validate the effect of type of ICU and hospital and where ICUs 

are located, the final models were adjusted according to these parameters. The following 
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categories were used: interdisciplinary ICU versus medical ICU versus surgical ICU; and 

hospital of maximum care (university/ maximum care) versus other. Additionally, for analyze 

longer effects of antibiotic use on the ICUs, the models were expanded by the antibiotic use 

one month before the current month, in which the isolates were observed. All results with 

values of p ≤ 0.05 were considered as significant. 
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5. Results  
 

The following chapters present the results of the analyses of the research question. First, 

the results of the descriptive analysis of the initial SARI data set, including all relevant 

variables are presented. Second, the results of the initial linear regression will be given, and 

following the descriptive and analytical outcome of the univariate GLM is explained. Finally, 

additional results from the multivariate modelling are presented to finally answer the 

research questions. Extensive outputs, comprehensive data tables and modelling codes 

can be found in the appendix. 

 

 

5.1 Descriptive analyses  

 
In the following, the raw data set that was derived from the SARI system is described and 

relevant variables are presented. In addition, the variables are visualized in graphs to give 

a better impression of the assumed trends.  

 

 

5.1.1 Sample description   
 

Overall, 79 ICUs delivered data on pathogen counts and antibiotic consumption. The 

structure of ICUs is shown in Table 4.  

The descriptive analyses resulted in valid data of a total of n = 79 participating ICUs, from 

three different categories and four different hospital types (see Table 4). The ICU categories 

include interdisciplinary wards, internal and chirurgical wards. As such, the results include 

data from 35 interdisciplinary ICUs (44.3%), 19 internal ICUs (24.1%) and 25 surgical ICUs 

(31.6%). Furthermore, 62 out of 79 ICUs (78.5%) are part of university hospitals or hospitals 

that offer all available disciplines. And 17 (21.5%) of the ICUs belong to smaller hospital 

facilities or specialized institutions. The ICUs consist of various types of hospitals that differ 

in size and specialty. Thus, 65.8% of the ICUs are located in hospitals with ≥ 600 beds, and 

34.2% are located in smaller hospitals with fewer than 600 beds. The ICU size ranges from 

33 wards (41.8%) with fewer than 12 patient beds to 46 wards (58.2%) with 12 patient beds 

or more.   

Overall, the ICUs have collected data from a median value of 34038 patient days per ward 

and have participated for a median value of 103 months, with an interquartile range of 1486 

and 48 months out of 180 possible months over 15 years. Thus, less than 25% of the ICUs 

delivered continuous data for this time period between 2006 and 2020.  
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Parameter  Category Number Percent (%) 

ICU type Interdisciplinary 35 44.3 

 Internal 19 24.1 

 Surgical 25 31.6 

Hospital type University/maxi 62 78.5 

 Other  17 21.5 

Hospital size ≥ 600 beds 52 65.8 

 <600 beds 27 34.2 

ICU size ≥ 12 beds 46 58.2 

 <12 beds 33 41.8 

Parameter  Category Number Sum 

Patient days Median (IQR) 34038 (16353-57903) 6147142 

Participation months Median (IQR) 103 (146-48) 79.5 

Table 4: Distribution of participating ICUs (n=79); IQR = interquartile range. 

 

5.1.2 Description of relevant variables   

 
Next, the variables of vancomycin-resistant enterococci, total counts of tested E. faecium 

and E. faecalis are available for each of the 15 years (see Table 5). The maximum value of 

reported E. faecium isolates reached 1832 counts in 2018, and for E. faecalis at 1781 

counts in 2017. The lowest count of E. faecium was documented in 2008 with 1168 reported 

isolates and for E. faecalis in 2020 with 1064 reported cases in total.  Continuing, the highest 

count of total tested E. faecium was reported in 2018 with 1818 isolates tested, of which 

563 isolates were resistant to vancomycin. The year with the lowest amount of tested E. 

faecium isolates was 2008 with 1149 counts and 92 vancomycin resistant cases.  For E. 

faecalis the highest value of tested isolates was reported in 2017 with 1751 tested isolates 

in total, and the minimum value in 2014 with 1209 isolates tested.  

Among the available data of vancomycin-resistant enterococci, the highest value of total 

VRE. faecium isolates was reported in 2019 with a total of 693 isolates and the lowest value 

with 38 isolates in 2006. The highest value of VRE. faecalis isolates was reported in 2013 

with a total of 11 isolates, while in year 2006, 2009, and 2015 no isolates were reported at 

all.  
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Label  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Total E. faecium  1320 1406 1168 1223 1310 1509 1385 1624 1395 1534 1771 1819 1832 1780 1325 

Total resistant VRE. faecium 38 47 92 84 95 175 134 215 133 231 361 399 563 693 478 

Total tested E. faecium  1306 1384 1149 1211 1300 1495 1376 1613 1364 1503 1756 1804 1818 1773 1308 

Total E. faecalis  1707 1602 1360 1388 1313 1381 1620 1542 1245 1456 1559 1781 1510 1425 1064 

Total resistant VRE. faecalis 0 1 3 0 4 3 5 11 8 0 1 1 7 3 1 

Total tested E. faecalis  1682 1579 1337 1375 1291 1362 1539 1516 1209 1405 1542 1751 1480 1405 997 

Table 5: Overview of pathogen rates of VRE. faecium and VRE. faecalis from 2006 to 2020. 

Label  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

VRE. faecium per 100 E. faecium 
(RR) 

2.9 3.4 8.0 6.9 7.3 11.7 9.7 13.3 9.8 15.4 20.6 22.1 31.0 39.1 36.5 

VRE. faecalis per 100 E. faecalis 
(RR) 

0.0 0.1 0.2 0.0 0.3 0.2 0.3 0.7 0.7 0.0 0.1 0.1 0.5 0.2 0.1 

VRE. faecium / 1000 patient days 
(RD) 

0.18 0.23 0.49 0.43 0.49 0.86 0.56 0.91 0.66 1.07 1.58 1.79 2.55 3.29 2.61 

VRE. faecalis / 1000 patient days 
(RD) 

0.00 0.00 0.02 0.00 0.02 0.01 0.02 0.05 0.04 0.00 0.00 0.00 0.03 0.01 0.01 

Table 6: Overview of resistance rates (/100 pathogens) and resistance densities (/1000 patient days) of VRE. faecium and VRE. faecalis from 
2006 to 2020. 
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Resistance rates and resistance densities of both pathogen species are available for the 

entire study period (see Table 6). The resistance rate of VRE. faecium was the highest in 

2019 with 39.1 per 100 pathogens and the lowest in 2006 with 2.9. The resistance rate of 

VRE. faecalis had the highest values of 0.7 in the year 2013 and 2014. The lowest rate, 

with a value of 0, was documented in 2006 and 2015.    

For the pathogen density of VRE. faecium is a maximum value of 3.29 per 1000 patient 

days documented in year 2019 and a minimum value of 0.18 in 2006. The density of VRE. 

faecalis isolates ranges from zero findings in 2006, 2007, 2008 and 2015 to 2017 to a 

maximum value of 0.05 in 2013.  

 

Continuing with the antibiotic consumption, application densities for all antibiotic substances 

are also available for the whole period of the study (see Table 7).  

The pooled application density of all included antimicrobial substances varies over the years 

and within their different subgroups. For example, the application density of beta-lactamase 

sensitive penicillin ranges from a minimum value of 15.1 in 2013 to the high of 26.4 in 2015. 

In contrast, the group of penicillin with lactamase inhibitors ranges between a minimum 

value of 135.9 in year 2009 and a maximum value of 354.3 in 2019.  

Another substance class with high use densities is present in the group of carbapenems, 

as the lowest value of 120.2 was documented in 2006 and has since increased to a 

maximum value of 339.9 in 2020.  

The antibiotic substance class with the least application frequencies is represented by the 

monobactams with a minimum value of 0.1 in 2014 and a maximum value of 0.6 in 2007 

and 2010.  

The group of glycopeptides, which plays a special role in the context of vancomycin- 

resistant pathogens, showed the lowest application density in 2008 with a value of 36.2 and 

ranged up to a maximum value of 89.3 in 2020. Another group of fluoroquinolones ranged 

from a antibiotic use density of 88.9 in 2019 to 184.5 in 2011. Whereas the group of 

aminoglycosides ranges from a minimum value of 24.4 in year 2013 to a maximum value of 

39.3 in 2020.  

The summarized group of other antibiotic substances shows minimal consumption values 

of 38.2 in 2007 and has since then increased to a maximum value of 105.4 in 2020.  

 

All explicit results of the individual antibiotic substances included in the pooled groups and 

their application densities over the entire study period are available in Appendix IV.
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Antibiotic group (ATC code) 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Beta-lactamase sensitive penicillin (J01CE) 23.0 20.0 17.2 19.4 20.2 18.7 18.3 15.1 23.0 26.4 22.9 20.7 23.8 26.1 25.5 

Broad-spectrum penicillin (J01CA) 100.9 103.4 81.6 89.2 66.6 60.7 47.5 33.6 36.5 38.9 39.6 64.4 57.7 60.0 65.6 

Beta-lactamase resistant penicillin (J01CF) 37.3 45.2 40.7 41.7 25.0 32.5 34.3 33.4 49.7 53.1 75.5 86.2 85.7 90.6 98.5 

Penicillin + lactamase inhibitors (J01CR) 

(pseudomonas efficacy excluded) 
157.6 160.2 145.2 135.9 160.9 193.8 227.1 262.8 267.8 276.4 273.0 284.4 328.6 354.3 353.0 

Cephalosporines (1st Generation) (J01DB) 39.2 32.8 28.5 34.1 28.6 35.5 38.1 35.3 36.7 33.5 32.2 35.4 40.2 40.9 37.0 

Cephalosporines (2nd generation) (J01DC) 93.6 97.9 95.3 95.3 92.9 92.7 88.4 89.7 74.0 93.5 71.8 62.3 46.7 44.0 36.6 

Cephalosporines (3rd generation) (J01DD) 124.0 111.8 111.6 122.6 117.7 115.1 109.2 98.8 91.2 99.3 92.1 99.3 83.3 81.6 75.6 

Cephalosporines (4th generation) (J01DE) 10.8 10.2 4.1 4.0 4.3 4.8 14.8 14.6 6.3 8.6 10.7 16.4 16.3 16.1 21.5 

Carbapenems (J01DH) 120.2 132.8 142.9 167.7 184.1 213.5 230.7 233.1 248.3 244.7 266.4 245.2 278.1 304.3 339.9 

Monobactams (J01DF) 1.2 0.6 0.4 0.4 0.6 0.2 0.4 0.5 0.1 0.3 0.2 0.2 0.5 0.3 0.2 

Glycopeptides (J01XA) 40.3 37.9 36.2 45.6 61.5 54.3 56.6 59.2 62.4 58.2 64.7 58.6 64.1 77.2 89.3 

Fluoroquinolones (J01MA) 172.3 168.7 164.6 170.7 171.6 184.5 183.6 160.5 152.2 172.1 167.3 157.2 128.9 88.9 90.2 

Sulfonamides + trimethoprim (J01E) 17.1 19.8 26.0 24.5 22.5 20.3 34.4 33.5 42.6 44.6 42.3 37.6 33.2 32.7 31.9 

Tetracyclines (J01AA) 13.6 24.2 21.8 28.0 35.8 25.5 26.7 25.6 24.0 31.9 33.2 24.2 24.8 22.3 22.7 

Macrolides (J01FA) 74.7 83.1 89.1 106.4 107.9 111.4 105.8 109.9 99.8 113.8 91.6 90.3 89.0 82.9 92.5 

Aminoglycosides (J01G) 29.8 28.1 25.2 27.6 32.6 29.2 28.8 24.4 26.1 29.0 33.7 29.8 35.6 35.7 39.3 

Imidazolderivates (J01XD) 66.6 59.6 51.4 48.3 46.4 47.3 48.0 45.2 41.2 48.2 39.8 36.5 32.7 29.1 24.6 

Other antibiotics (J01XX) 39.8 38.2 45.3 50.5 60.8 60.8 73.0 72.0 58.8 67.7 77.1 71.7 82.9 91.4 105.4 

Table 7: Overview frequencies of pooled antibiotic use densities (AD) from 2006 to 2020 (AD = DDDs / 1000 patient days). 
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5.1.2 Visualization of relevant variables   

 
To understand these results in the context of the research question presented, the data for 

all relevant variables are visualized in the following graphs.  

 

Starting with the number of all tested E. faecium isolates compared to all VRE. faecium 

isolates documented, a clear difference between both variables appears (see Figure 5). 

Seasonal fluctuations are visible in both variables, although peaks and lows are more 

distinctive in the prevalence of all E. faecium isolates. After a slight decrease between 2007 

and 2008 the data rose to 1832 isolates until the year of 2018 and again dropped down to 

1325 isolates in 2020.  

Continuing with the data of all VRE. faecium isolates identified, the numbers marginally 

increased from 2006 to 2014, when the count of total resistant isolates again increased from 

133 to a peak of 693 resistant isolates out of 1773 total tested E. faecium isolates in 2019. 

In the last year of observation, the numbers dropped down to 478 resistant isolates.  

 

 
Fig. 5 Yearly total tested E. faecium and total resistant VRE. faecium. 

 

Compared to that, the total tested E. faecalis and total resistant VRE. faecalis show a 

different trend in both variables over the selected time period (see Figure 6). The count of 

total tested E. faecalis was at 1682 isolates in 2006 in which no isolate showed any 

resistance to vancomycin. After some fluctuations between the year 2008 and 2013, there 

was the first drop in 2014 with 1209 tested E. faecalis isolates from which 8 isolates tested 

as resistant to vancomycin.  
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Fig. 6 Yearly total tested E. faecalis and total resistant VRE. faecalis. 

 

In 2017 was the highest count documented with 1751 total tested isolates, after which the 

amount dropped to 997 E. faecalis isolates in 2020. Although, it is not clearly identifiable in 

the graph, the highest count of VRE. faecalis isolates was in 2013 with 11 resistant cases 

among 1516 total tested E. faecalis isolates. 

 

Continuing with the resistance rates of both pathogens, the differences between VRE. 

faecium and VRE. faecalis that are already present in the total counts presented above are 

also reflected in the resistance rates (see Figure 7).  

 

Fig. 7 Yearly resistance rates of VRE. faecium and VRE. faecalis (per 100 pathogens). 
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While the resistance rate for VRE. faecalis fluctuates between 0 in 2006 and 0.2 in 2019 

and 0.1 in 2020, with its highest peaks of 0.7 in 2013 and 2014. The resistance rate of VRE. 

faecium started with a rate of 2.9 in 2006 and continued with increasing undulations 

between the year 2008 and 2014. Over the next 5 years the resistance rate of VRE. faecium 

has increased from 9.8 in 2014 to 39.1 in 2019. During the last year between 2019 and 

2020 the rate decreased again to a resistance rate of 36.5.  

 

For the resistance densities, a similar trend is visible in both variables, including VRE. 

faecium and VRE. faecalis per 1000 patient days (see Figure 8).  

 

Fig. 8 Yearly resistance density of VRE. faecium and VRE. faecalis (per 1000 patient days). 

 

The graph of VRE. faecalis shifts again from 0 in 2006 to 0.01 in 2020. The peak in VRE. 

faecalis density was documented in 2013 with a value of 0.05 and 0.04 in 2014.  

For the density of VRE. faecium a rising trend is clearly noticeable over the 15-year period. 

The first two peaks were reported in 2011 with a density of 0.86 and 0.91 in 2013. 

Afterwards, the VRE. faecium density increased over the next 5 years until it reached a 

peak of 3.29 in year 2019. A slight drop then appears, as the data decreased to 2.61 in 

2020.   

 

Next, the variables of all grouped antibiotics were separated and visualized in three different 

graphs. Starting with the first graph, the variables g1-g6 including beta-lactamase sensitive 

penicillin, beta-lactamase resistant penicillin, broad-spectrum penicillin, combination 

preparation with penicillin and lactamase inhibitors, as well as cephalosporines of the 1st 

and 2nd generation (see Figure 9).  
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Fig. 9 Yearly antibiotic use densities (DDDs/1000 patient days) from 2006 to 2020 (g1-g6). 

 

As it is clearly visible the combination substance of penicillin and lactamase inhibitor was 

the most commonly used one, with an increasing trend since 2009 and peak values of 354.3 

in 2019 and 353.0 in 2020. The least used substance among the six groups of antibiotics is 

the standard beta-lactamase sensitive penicillin with a highest application density of 26.4 in 

year 2015. The groups of beta-lactamase resistant penicillin and broad-spectrum penicillin 

also show relatively low application densities with seasonal variation before and after 2013.  

The group of 1st generation cephalosporines indicates a stagnant trend over the whole time 

period, while the group of 2nd generation cephalosporines have decreased from an 

application density of 97.9 in 2007 to 36.6 in 2020.  

 

The second graph of the divided antibiotic groups presents the variables g7-g11 including 

the 3rd and 4th generation of cephalosporins, as well as carbapenems, glycopeptides, 

monobactams, and fluoroquinolones (see Figure 10). Following up on the cephalosporines 

of the first graph, the 3rd generation indicates the highest application density among all 

generations, especially in 2006 with a value of 124, and between 2009 with a value of 122.6 

and 2010 with a value of 117.7. The curve then decreases to 75.6 in 2020. By contrast, the 

4th generation of cephalosporines is less used on participating ICUs with a peak value of 

21.5 in 2020.   

Carbapenems show the highest application density among these groups presented. They 

started with a consumption density of 120 in 2006 and increased to an application density 
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of 339.9 in 2020. In contrast to that, fluoroquinolones indicate a decreasing trend over time 

and reached the lowest level of application density in 2019 with a value of 88.9. 

 

 

Fig. 10 Yearly antibiotic application use (DDDs/1000 patient days) from 2006 to 2020 (g7-
g11). 

 

The curve of monobactams is hardly observable, which reflects the low levels of application 

densities. The highest point of monobactam consumption was documented in 2006 with a 

value of 1.2. Afterwards, the data shows a steady application density of roughly 0.5 with 

imperceptible differences. The last antibiotic group are the glycopeptides, which are 

analyzed in a separate graph further down.  

 

The third graph with the remaining antibiotic groups includes the variables g12, g14, g16, 

g18, g21 and g22, which stand for sulfonamides and trimethoprim, tetracyclines, 

macrolides, aminoglycosides, imidazole derivates and other antibiotic groups that are not 

otherwise specified (see Figure 11).  

The subgroups of sulfonamides, tetracyclines and aminoglycosides show the lowest overall 

trend in this graph with the highest values in sulfonamide consumption with a peak value of 

44.6 in the year 2015. The tetracyclines and aminoglycosides are similar in their trend, with 

the difference of rising application densities for aminoglycosides and decreasing densities 

for tetracyclines since 2017.  

Continuing with the imidazole derivates a downward trend is visible from 2006 onward and 

the application density has dropped from 66.6 in 2006 to 24.6 in 2020. Whereas the group 
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of macrolides indicates higher consumption densities in general, starting with a value of 

74.7 in 2006, up to with a consumption density of 113.8 in 2015, followed by a decreasing 

trend to values of 82.9 in 2019 and 92.5 in 2020.  

 

 

Fig. 11 Yearly antibiotic use densities (DDDs/1000 patient days) from 2006 to 2020 (g12, 

g14, g16, g18, g21-g22). 

 

The last group, that gathers all remaining antibiotic substances, such as fosfomycin, 

linezolid or daptomycin, indicates an increasing trend over the whole time period of 15 

years. The application density was the lowest in 2006 with a value of 39.8 and fluctuated 

with a constantly rising trend over time. The highest application density was documented at 

105.4 in 2020.  

 

In context of the vancomycin resistance of enterococci, the pooled group of glycopeptides 

was analyzed separately and visualized in an additional graph (see Figure 12). Extensive 

values of each year and all glycopeptide related supplements can be found in Appendix IV 

and are analyzed more accurately in chapter 5.3. 

As seen above, the application density of glycopeptides ranged generally from 40.3 in 2006 

up to 89.3 in 2020. The lowest application density with a peak value of 0.4 in 2006 is visible 

for oral applied vancomycin. A similar trend is noticeable for the parenteral application of 

teicoplanin, which shows low consumption densities between the years 2006 and 2017, but 

have since then increased from 1.6 to 22.5 in 2019 and decreased again to a value of 18.8 

in 2020.  
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Fig. 12 Yearly antibiotic use densities (DDDs/1000 patient days) of different glycopeptides 

from 2006 to 2020. 

 
Parenteral vancomycin application densities show a similar high trend to total glycopeptide 

consumption. The overall trend increased over the 15 years with a first peak in 2010 with a 

consumption density of 59.7 and increased again in 2019 to a value of 70.2 in 2020. The 

added glycopeptide curve shows an analogous trend with values of 40.3 in 2006 and 61.5 

in 2010. Afterwards, a slight increase is visible with two more peaks in 2014 and 2016. 

Finally, the application density has again risen from 58.6 in 2017 to 89.3 in 2020.  

To test for an assumed linear trend in the increasing antibiotic use density of glycopeptides 

a linear trend line was calculated and superimposed. The resulting trend line indicates an 

intersection point on the y-axis at 35.08 and an annual increase in application density of 

2.83. For the goodness of fit the proportion of variances of the dependent variable was 

calculated and resulted in R2 = 0.79.  Due to inaccuracy and missing p-values of the trend 

analysis in Microsoft Excel the remaining variables were analyzed via SPSS and SAS.  
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5.2 Linear regression analyses  

 

The results of the linear regression analyses are presented below (see Table 8). The 

independent variable is given by the time period of 15 years, from which one year 

represents one unit of change in the regression model.  

 

Dependent variable R R2 B SE p* 

Total resistant VRE. faecium 0.90 0.81 41.0 5.42 <0.001 

Total resistant VRE. faecalis 0.15 0.02 0.11 0.20 0.59 

Resistance rate VRE. faecium  0.92 0.85 2.40 0.27 <0.001 

Resistance rate VRE. faecalis 0.15 0.02 0.00 0.01 0.58 

Resistance density VRE. faecium  0.90 0.81 0.19 0.02 <0.001 

Resistance density VRE. faecalis  0.14 0.02 0.00 0.00 0.614 

*Significance level of 5%; p=0.05 

Table 8: Results of linear regression analysis (total resistant, RR, RD of VRE). 

 
The results indicate that there is a linear trend between time and the amount of total 

resistant E. faecium isolates (F(1,13) = 57.13, p < 0.001; R2 = 0.81; B = 41.0; t(13) = 7.5,    

p <0.001), the resistance rate of VRE. faecium (F(1,13) = 75.13, p < 0.001; R2 = 0.85;                

B = 2.4; t(13) = 8.6, p < 0.001), and the resistance density in VRE. faecium (F(1,13) = 58.35, 

p < 0.001; R2 = 0.81; B = 0.19; t(13) = 7.6, p < 0.001). For the variables total resistant VRE. 

faecalis, resistance rate VRE. faecalis and resistance density VRE. faecalis, time did not 

show any significant influence.  

 

For the antibiotic application density and time (see Table 9), a positive linear trend is 

displayed in the groups of beta-lactamase sensitive penicillin (F(1,13) = 6.1, p = 0.02; R2 = 

0.32; B = 0.42; t(13) = 2.4, p = 0.02), beta-lactamase resistant penicillin (F(1,13) = 32.3,      

p < 0.001; R2 = 0.84; B = 4.68; t(13) = 5.6, p < 0.001), combination substance penicillin and 

lactamase inhibitor (F(1,13) = 168.9, p < 0.001; R2 = 0.92; B = 16.3; t(13) = 12.9, p < 0.001), 

cephalosporines of the 4th generation (F(1,13) = 11.6, p = 0.005; R2 = 0.47; B = 0.85;        

t(13) = 3.4, p = 0.005), carbapenems (F(1,13) = 234.7, p < 0.001; R2 = 0.94; B = 13.85,    

t(13) = 15.3, p < 0.001), glycopeptides (F(1,13) = 50.4, p < 0.001; R2 = 0.79; B = 2.83;      
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t(13) = 7.1, p < 0.001), sulfonamides (F(1,13) = 12.3, p = 0.004; R2 = 0.48, B = 1.37,           

t(13) = 3.5, p = 0.004), aminoglycosides (F(1,13) = 9.63, p = 0.008; R2 = 0.42, B = 0.61; 

t(13) = 3.1, p = 0.008), and in the group of other antibiotics (F(1,13) = 88.1, p < 0.001;           

R2 = 0.87; B = 3.92; t(13) = 9.38, p < 0.001).  

 

Dependent variable  R R2 B SE p* 

Beta-lact. sensitive penicillin (J01CE) 0.56 0.32 0.42 0.17 0.02 

Broadspect. penicillin (J01CA) 0.61 0.37 -3.07 1.10 0.01 

Beta-lact. resistant penicillin (J01CF) 0.84 0.73 4.68 0.82 <0.001 

Penicillin + lact. inhibitor (J01CR) 0.96 0.92 16.3 1.26 <0.001 

Cephalosporines 1st gen. (J01DB) 0.43 0.19 0.36 0.20 0.10 

Cephalosporines 2nd gen. (J01DC) 0.88 0.78 -4.18 0.61 <0.001 

Cephalosporines 3rd gen. (J01DD) 0.92 0.84 -3.14 0.36 <0.001 

Cephalosporines 4th gen. (J01DE) 0.68 0.47 0.85 0.25 0.005 

Carbapenems (J01DH) 0.97 0.94 13.85 0.90 <0.001 

Monobactams (J01DF) 0.60 0.36 -0.03 0.01 0.01 

Glycopeptides (J01XA) 0.89 0.79 2.83 0.39 <0.001 

Fluoroquinolones (J01MA) 0.72 0.52 -4.83 1.28 0.002 

Sulfonamides + trimethoprim (J01E) 0.69 0.48 1.37 0.39 0.004 

Tetracyclines (J01AA) 0.16 0.02 0.19 0.32 0.56 

Macrolides (J01FA) 0.01 0.00 0.03 0.75 0.967 

Aminoglycosides (J01G) 0.65 0.42 0.61 0.20 0.008 

Imidazolderivates (J01XD) 0.93 0.87 -2.29 0.24 <0.001 

Other antibiotics (J01XX) 0.93 0.87 3.92 0.41 <0.001 

*significance level of 5%; p=0.05 

Table 9: Results of linear regression analysis (antibiotic sub-groups). 
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In the groups of broad-spectrum penicillin (F(1,13) = 7.74, p = 0.01; R2 = 0.37; B = -3.07; 

t(13) = -2.78, p = 0.016), cephalosporines 2nd (F(1,13) = 45.9, p < 0.001; R2 = 0.78;                 

B = -4.18; t(13) = -6.78, p <0.001) and 3rd generation (F(1,13) = 72.5, p < 0.001; R2 = 0.84; 

B = -3.14; t(13) = -8.51, p < 0.001), as well as in monobactams (F(1,13) = 7.5, p = 0.017; 

R2 = 0.36; B = -0.03; t(13) = -2.74, p = 0.017), fluroquinolones (F(1,13) = 14.2, p = 0.002; 

R2 = 0.52; B = -4.83; t(13) = -3.77, p = 0.002) and in imidazolderivates (F(1,13) = 91.6,        

p < 0.001; R2 = 0.87; B = -2.29; t(13) = -9.57, p < 0.001) and time significance is given for 

a negative linear trend.  

Among the remaining antibiotic groups, including 1st generation cephalosporines, 

tetracyclines and macrolides, proceeding time had no significance influence.  

 

 

5.3 Generalized linear model 
 

In the following chapter, results of the linear model are presented for the univariate and 

multivariate analysis. The univariate analysis includes detailed results on both 

characteristics, including resistance rates and resistance densities. However, parallel 

analyses conducted in the background in collaboration with the institute have shown that 

correlating antibiotic substance groups differ in their influence among the pathogen 

resistance rate and the density. In these background analyses additional substances, that 

were not included in the context of this thesis (e.g., tuberculostatic drugs), showed a 

significant influence on resistance rates but not on incidence densities. Additionally, the 

variables resistance density and resistance rate differ in their specificity as the density is 

calculated with counts and the rate with ratios. Consequently, the calculation of the 

resistance rate depends on available resistance data in all months and does not work with 

blank values. Thus, additional results of the resistance rates and excluded antibiotic 

consumption densities can be found in the Appendix VII but will not further be included in 

the multivariate results part.  

 

 

5.3.1 Univariate analysis  

 

Continuing with the univariate trend analysis of the pathogen incidence densities (ID), the 

significance for an increasing linear trend is shown for VRE. faecium, but not for VRE. 

faecalis (see Table 10).  
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Year 

ID VRE. faecium  ID VRE. faecalis  

IRR (95%CI) p* IRR (95%CI) p* 

Model with time as linear trend 

lin. trend           1.015 (1.013-1.018)     < .0001                1.0027 (0.99-1.00)     0.274    

Model with year as categorial parameter 

2006                  1 = Reference                                         Not estimable  

2007 1.42 (0.64-3.14) 0.376 1.09E+10 - 

2008 2.48 (1.13-5.41) 0.022 3.07E+10 - 

2009 2.84 (1.40-5.75) 0.003 5.29E-10 - 

2010 2.80 (1.35-5.8) 0.005 4.75E+10 - 

2011 4.80 (2.47-9.32) <.0001 3.51E+10 - 

2012 3.39 (1.68-6.87) 0.000 5.23E+10 - 

2013 5.38 (2.64-10.9) <.0001 1.07E+10 - 

2014 4.06 (2.09-7.87) <.0001 8.08E+10 - 

2015 6.37 (3.21-12.6) <.0001 4.85E-10 - 

2016 9.55 (5.08-17.9) <.0001 8.86E+09 - 

2017 11.1 (5.71-27.9) <.0001 9.42E+09 - 

2018 14.3 (7.32-27.9) <.0001 6.31E+10 - 

2019 19.8 (9.73-40.3) <.0001 2.93E+10 - 

2020 15.3 (7.58-31.0) <.0001 1.19E+10 - 

*Significance level of 5%; p=0.05 

Table 10: Trend analysis of incidence densities of VRE. faecium and VRE. faecalis; ID = 

incidence density, IRR = incidence rate ratio, CI = confidence interval. 

The VRE. faecium incidence density shows a generally rising trend of 1.5% per year.  

Individual coefficients of VRE. faecium densities also show that the incidence density has 

increased by a factor of 15 since 2006. Starting with a ratio of 1.015 (1.013-1.018 95%CI) 
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in 2006, the rate has ranked up to 15.3 (7.58-31.0 95%CI) in 2020. The increasing trend is 

statistically significant in all years, except the year of 2007 where the trend of 1.42 (0.64-

3.14 95%CI) showed no significance p = 0.376.  

As for the incidence density of VRE. faecalis no individual quantity per year could be 

calculated due to blank values in 2006, 2007, and 2015-2017. Consequently, this model is 

not able to estimate valid counts and resulting values would be adulterated. However, a 

general trend could be tested and resulted in a ratio of 1.00 (0.99-1.00 95%CI); p = 0.274. 

Thus, no significant increase or decrease in the incidence density of VRE. faecalis could be 

determined for the study period of 15 years.   

To answer the research question regarding the complexity in the load of sensitive and 

resistant pathogens in both species, the trend was parallelly analyzed for vancomycin- 

susceptible E. faecium and E. faecalis (VSE) in the background (see “VSEKM” and 

“VSEKS” in Appendix VI) Comparing both pathogen loads, a difference is noticeable 

between VRE. faecium and the remaining species. While the rates of vancomycin 

susceptible E. faecium indicate a slight regressive trend, vancomycin-susceptible E. 

faecalis results display a constant trend. However, in both additional variables, no significant 

trend could be identified.  

 

For the resistance rates of VRE. faecium and VRE. faecalis the GLM calculated similar 

trends to the results of the incidence densities of both pathogen species (see Table 11). 

The trend of VRE. faecium rate significantly (p < 0.0001) increased from a ratio of 1.017 

(1.015-1.019 95%CI) in 2006 to 16.8 (8.26-34.27 95%CI) in 2020, which mirrors a rising 

trend of 1.7% per year. Comparing each year with one another, a significant linear trend 

could be identified in 2006, and the period of 2009-2020. In 2007 (p = 0.812) and 2008 (p 

= 0.968), the trend showed no significant influence on the resistance rate.  

 

Year 

RR VRE. faecium  RR VRE. faecalis  

IRR (95%CI) p* IRR (95%CI) p* 

Model with time as linear trend  

lin. trend  1.017 (1.015-1.019) <.0001 1.003 (0.997-1.008) 0.233 

Model with year as categorial parameter 

2006                  1 = Reference                                         Not estimable 

2007 1.10 (0.47-2.55) 0.812 1.13E+10 - 
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2008 2.11 (0.94-4.76) 0.068 3.91E+10 - 

2009 2.51 (1.21-5.2) 0.013 1.08E+10 - 

2010 2.26 (1.08-4.72) 0.028 5.49E+10 - 

2011 3.77 (1.88-7.53) .0002 3.83E+10 - 

2012 3.31 (1.63-6.70) .0009 5.54E+10 - 

2013 4.48 (2.40-9.74) <.0001 1.22E+10 - 

2014 3.63 (1.88-7.53) 0.0001 1.11E+10 - 

2015 5.46 (2.71-10.9) <.0001 1.19E+10 - 

2016 7.76 (4.12-14.64) <.0001 1.08E+10 - 

2017 8.96 (4.72-17.0) <.0001 9.54E+10 - 

2018 12.85 (6.86-24.06) <.0001 7.93E+10 - 

2019 20.01 (10.24-39.07) <.0001 3.57E+10 - 

2020 16.8 (8.26-34.27) <.0001 1.68E+10 - 

*Significance level of 5%; p=0.05 

Table 11: Linear trend analysis of resistance rates of VRE. faecium and VRE. faecalis; ID 
= incidence density, IRR = incidence rate ratio, CI = confidence interval. 

 

For the trend analysis of the resistance rates in VRE. faecalis, there was an observational 

limitation due to previously identified blank values in 2006, 2007, and 2015-2017. However, 

a general trend analysis resulted in a value of 1.003 (0.997-1.008 95%CI) with a non-

significant (p = 0.233) trend, corresponding to a constant VRE. faecalis density over the 

period of 15 years. A summary overview of the trend can be found in Appendix V.  

 

To reinforce the significant observation in the distribution of VRE. faecium, the additional 

consideration of the included hospital wards results in a trend that is observed in all units, 

although the variance of resistance rates differs between individual wards (see Figure 13).   

As it is visible, the pooled mean value of all ICUs (bold red line) slightly rises from 2006 to 

2014 and shows another strong increase between 2015 and 2019.  However, the variance 

(green marked area, interquartile range, 25 th and 75th percentile) and the median (dotted 

green line) show differences, as e.g., in 2006 less than 25% of the ICUs have recorded a 
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single resistant E. faecium, while between 2013 and 2014 some units had a resistance rate 

of 26 per 100 pathogen and others had a resistance rate of 0.  In comparison, the resistance 

rate was at 20 in over 75% out of all ICUs in 2020. Thus, the increasing trend not only 

affects individual wards but all participating ICUs in Germany.  

 

 
 

Fig. 13  Trend resistance rate of VRE. faecium in SARI ICUs (n=79) from 2006 to 2020. 

 
The subsequent analysis intended to examine possible associations between VRE. faecium 

and VRE. faecalis and various antimicrobial substance groups (see Table 12). The GLM 

calculated the antibiotic consumption density with a reference value of ref = 1, what results 

in values above 1.0 indicate a positive association while values below 1.0 indicate a 

negative association between pathogen densities and rates and antibiotic substances.  

Overall, a significant positive association was found for all antibiotic groups in incidence 

densities of VRE. faecium (IRR 1.003 (1.002-1.004 95%CI), p < .0001), and VRE. faecalis 

(IRR 1.003 (1.00-1.007 95%CI), p = 0.02), as well as in VSE. faecium (IRR 1.0008 (1.00-

1.001 95%CI), p = 0.001). The results for VSE. faecalis and resistance rates in VRE. 

faecium showed no significant association with all summarized antibiotic substances. 

Between resistance rates of VRE. faecalis and all substance groups (IRR 0.917 (0.87-0.96 

95%CI), p = 0.0012), a significant negative association was found. However, these general 

results differ among their individual sub-groups of different antibiotic substances, as some 

substances have a negative influence on pathogen incidence densities and rates and other 

substances have protecting effects.  
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Antibiotic group 

ID 

VRE. faecium 

ID 

VSE. faecium 

ID 

VRE. faecalis 

ID 

VSE. faecalis 

RR 

VRE. faecium 

RR 

VRE. faecalis 

IRR 

(95%CI) 
p* 

IRR 

(95%CI) 
p* 

IRR 

(95%CI) 
p* 

IRR 

(95%CI) 
p* 

IRR 

(95%CI) 
p* 

IRR 

(95%CI) 
p* 

All groups 
1.003 

(1.002-1.004) 
<.0001 

1.00 

(1.00-1.001) 
0.001 

1.003 

(1.00-1.007) 
0.02 

1.003 

(0.99-1.00) 
0.296 

1.003 

(0.99-1.01) 
0.386 

0.917 

(0.87-0.96) 
0.0012 

Beta-lact. sensitive penicillin (J01CE) 
1.004 

(0.99-1.01) 
0.288 

0.999 

(0.995-1.00) 
0.795 

0.882 

(0.81-0.95) 
0.0031 

0.997 

(0.99-1.00) 
0.063 

0.975 

(0.93-1.01) 
0.258 

0.875 

(0.61-1.25) 
0.46 

Broadspect. penicillin (J01CA) 
0.999 

(0.99-1.005) 
0.77 

1.001 

(0.998-1.00) 
0.344 

0.988 

(0.92-1.05) 
0.736 

1.001 

(1.00-1.005) 
0.0006 

0.984 

(0.94-1.02) 
0.484 

0.832 

(0.7-0.98) 
0.0281 

Beta-lact. resistant penicillin (J01CF) 
1.004 

(0.999-1.01) 
0.083 

0.997 

(0.993-1.00) 
0.123 

0.996 

(0.954-1.04) 
0.875 

0.997 

(0.99-1.00) 
0.137 0.000 - 

0.447 

(0.19-1.03) 
0.06 

Penicillin + lact. inhibitor (J01CR) 
1.005 

(1.001-1.008) 
0.002 

1.00 

(0.99-1.00) 
0.908 

0.964 

(0.91-1.01) 
0.191 

1.009 

(0.99-1.00) 
0.562 

0.992 

(0.97-1.01) 
0.531 

1.002 

(0.96-1.04) 
0.891 

Cephalosporines 1st gen. (J01DB) 
0.998 

(0.986-1.01) 

0.78 

 

1.002 

(0.995-1.01) 
0.506 

1.00 

(0.94-1.063) 
0.983 

1.005 

(0.99-1.01) 
0.069 

0.924 

(0.72-1.18) 
0.528 

1.304 

(0.78-2.16) 
0.30 

Cephalosporines 2nd gen. (J01DC) 
0.989 

(0.98-0.998) 
0.016 

0.997 

(0.993-1.00) 
0.306 

1.014 

(1.00-1.02) 
0.0459 

1.004 

(1.00-1.007) 
0.0324 

0.981 

(0.97-0.99) 
0.0011 

1.008 

(0.98-1.03) 
0.518 

Cephalosporines 3rd gen. (J01DD) 
0.997 

(0.993-1.002) 
0.33 

1.00 

(0.998-1.00) 
0.74 0.024 - 

1.005 

(0.99-1.00) 
0.612 

0.989 

(0.97-1.00) 
0.0497 

0.975 

(0.88-1.07) 
0.631 

Cephalosporines 4th gen. (J01DE) 
1.01 

(0.996-1.02) 
0.14 

0.995 

(0.989-1.00) 
0.236 

1.013 

(0.95-1.07) 
0.64 

0.998 

(0.99-1.00) 
0.751 

1.01 

(1.00-1.01) 
<.0001 

1.015 

(0.99-1-03) 
0.061 

Carbapenems (J01DH) 
1.013 

(1.009-1.017) 
<.0001 

1.005 

(1.00-1.007) 
<.0001 

1.022 

(1.00-1.03) 
0.0092 

0.999 

(0.99-1.00) 
0.949 

1.014 

(1.01-1.018) 
<.0001 

1.00 

(0.97-1.02) 
0.875 

Monobactams (J01DF) 
0.94 

(0.855-1.03) 
0.202 

0.985 

(0.93-1.04) 
0.624 0.301 - 

0.981 

(0.96-0.99) 
0.0151 

0.958 

(0.78-1.16) 
0.674 

0.97 

(0.86-1.08) 
0.61 
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*bold if p<0.05 

Antibiotic group 

ID 

VRE. faecium 

ID 

VSE. faecium 

ID 

VRE. faecalis 

ID 

VSE. faecalis 

RR 

VRE. faecium 

RR 

VRE. faecalis 

IRR 

(95%CI) 
p* 

IRR 

(95%CI) 
p* 

IRR 

(95%CI) 
p* 

IRR 

(95%CI) 
p* 

IRR 

(95%CI) 
p* 

IRR 

(95%CI) 
p* 

Glycopeptides (J01XA) 
1.02 

(1.014-1.027) 
<.0001 

1.001 

(0.997-1.00) 
0.461 

1.013 

(0.98-1.04) 
0.418 

0.993 

(0.98-0.99) 
0.0061 

0.951 

(0.77-1.17) 
0.064 

0.04 

(0.01-0.09) 
<.0001 

Vancomycin (p) (J01XA01) 
1.023 

(1.01-1.03) 
<.0001 

1.00 

(0.99-1.00) 
0.46 - - 

0.99 

(0.98-0.99) 
0.0243 

1.011 

(1.00-1.02) 
0.03 

1.04 

(1.00-1.08) 
0.05 

Vancomycin (o) (J01XA01) 
0.96 

(0.77-1.19) 
0.74 

0.96 

(0.88-1.04) 
0.75 - - 

1.02 

(0.94-1.11) 
0.5526 

0.99 

(0.98-1.00) 
0.05 

1.00 

(0.98-1.02) 
0.56 

Teicoplanin (p) (J01XA02) 
1.01 

(1.00-1.02) 
0.03 

1.00 

(1.00-1.008) 
0.05 - - 

0.98 

(0.98-0.99) 
0.03 

0.99 

(0.99-1.00) 
0.48 

1.01 

(0.98-1.04) 
0.39 

Fluoroquinolones (J01MA) 
0.996 

(0.991-1.00) 
0.088 

1.00 

(0.99-1.002) 
0.326 

1.009 

(0.99-1.02) 
0.334 

1.00 

(0.99-1.00) 
0.542 

1.001 

(0.98-1.01) 
0.812 

0.998 

(0.94-1.05) 
0.958 

Sulfonamides + trimethoprim (J01E) 
1.003 

(0.997-1.012) 
0.264 

0.998 

(0.995-1.00) 
0.358 

0.926 

(0.83-1.02) 
0.129 

0.995 

(0.99-0.999) 
0.02 

1.00 

(1.00-1.00) 
- 

1.00 

(1.00-1.00) 
- 

Tetracyclines (J01AA) 
1.01 

(1.006-1.014) 
<.0001 

1.003 

(1.00-1.006) 
0.0018 

0.999 

(0.96-1.03) 
0.979 

1.001 

(0.99-1.00) 
0.915 

1.007 

(0.99-1.01) 
0.169 

1.00 

(0.93-1.07) 
0.99 

Macrolides (J01FA) 
1.002 

(0.997-1.007) 
0.302 

1.00 

(0.99-1.003) 
0.753 

1.002 

(0.95-1.04) 
0.918 

0.999 

(0.99-1.00) 
0.831 

1.036 

(1.00-1.06) 
0.01 

0.572 

(0.47-0.68) 
<.0001 

Aminoglycosides (J01G) 
1.014 

(1.008-1.021) 
<.0001 

0.999 

(0.994-1.00) 
0.831 

1.003 

(0.97-1.03) 
0.835 

1.00 

(0.99-1.00) 
0.816 

1.032 

(1.01-1.04) 
0.0002 

1.00 

(0.91-1.09) 
0.99 

Imidazolderivates (J01XD) 
1.01 

(0.997-1.024) 
0.109 

1.014 

(1.00-1.02) 
0.0001 

1.042 

(0.97-1.10) 
0.187 

1.01 

(1.01-1.02) 
0.061 

0.9462 

(0.89-1.00) 
0.065 

1.083 

(0.88-1.32) 
0.429 

Other antibiotics (J01XX) 
1.021 

(1.013-1.029) 
<.0001 

1.01 

(1.00-1.01) 
<.0001 

1.006 

(0.96-1.05) 
0.787 

1.002 

(0.99-1.00) 
0.204 

1.039 

(0.9-1.19) 
0.585 

0.422 

(0.03-4.47) 
0.474 

Table 12: Univariate trend analysis for the outcome incidence densities of VSE/VRE. faecium and VSE/VRE. faecalis and resistance rates 

VRE. faecium and VRE. faecalis with the antibiotic use densities; ID = incidence density, IRR = incidence rate ratio, CI = confidence interval. 
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In VRE. faecium, an increase in incidence density is significantly associated with the 

consumption of penicillin with lactamase inhibitors (IRR 1.005 (1.001-1.008 95%CI), p = 

0.002), carbapenems (IRR 1.013 (1.009-1.017 95%CI), p < .0001), glycopeptides (IRR 1.02 

(1.014-1.027 95%CI), p < .0001), tetracyclines (IRR 1.01 (1.006-1.014 95%CI), p < .0001), 

and  aminoglycosides (IRR 1.014 (1.008-1.021), p < .0001).  

By contrast, the consumption of 2nd generation cephalosporines (IRR 0.989 (0.98-0.998 

95%CI), p = 0.016) showed a negative association, suggesting that a higher application 

density of 2nd generation cephalosporines is associated with a lower incidence density of 

VRE. faecium.   

As for the VSE. faecium, isolated antibiotic substances showed significant associations with 

the pathogen species, although sensitive enterococci should not be increasing in respond 

to antibiotic treatments. However, in the calculated model outlying enterococci are selected 

through the higher application densities in carbapenems (IRR 1.005 (1.002-1.007 95%CI), 

p < .0001), tetracyclines (IRR 1.003 (1.001-1.006 95%CI), p = 0.001) and imidazolderivates 

(IRR 1.014 (1.007-1.022 95%CI), p = 0.0001).  

 

For the analysis of VRE. faecalis and antibiotic use densities, the same issue previously 

mentioned occurred during the model calculation. Due to insufficient pathogen surveillance 

and resulting blank values, an association between VRE. faecalis densities and antibiotic 

application significant results are difficult to determine. However, the GLM calculated a 

significant negative association between VRE. faecalis and beta-lactamase sensitive 

penicillin (IRR 0.981 (0.96-0.99 95%CI), p = 0.01). On the contrary the positive association 

between the pathogen species and carbapenems (IRR 1.02 (0.95-1.04 95%CI), p = 0.009) 

indicates a possible selection pressure.   

Similar to VSE. faecium, VSE. faecalis should theoretically not respond to increased 

antibiotic consumption with increasing pathogen densities. Nonetheless, the results suggest 

a selective pressure in broad-spectrum penicillin (IRR 1.001 (1.00-1.005 95%CI), p = 

0.0006) and 2nd generation cephalosporines (IRR 1.004 (1.00-1.007 95%CI), p = 0.032). 

Despite that, a negative association is found in VSE. faecalis that are treated with 

monobactams (IRR 0.98 (0.96-0.99 95%CI), p = 0.01), glycopeptides (IRR 0.993 (0.98-0.99 

95%CI), p = 0.006), and sulfonamides plus trimethoprim (IRR 0.99 (0.990-0.999 95%CI), p 

= 0.02) which equates an appropriate antimicrobial therapy.  

Further calculations of the pathogens’ resistance rates reflect corresponding results, 

especially in VRE. faecium as the 2nd generation cephalosporines (IRR 0.981 (0.97-0.99 

95%CI), p = 0.001) and 3rd generation cephalosporines (IRR 0.989 (0.97-1.00 95%CI), p = 

0.04) prevent resistance rates from increasing. According to this model, the resistance rate 

of VRE. faecalis also seems to be protected by the application of broad-spectrum penicillin 
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(IRR 0.832 (0.7-0.98 95%CI), p = 0.0281), glycopeptides (IRR 0.04 (0.01-0.09 95%CI), p < 

.0001), and macrolides (IRR 0.572 (0.47-0.68 95%CI), yet these results can be neglected 

due to invalid values as previously demonstrated and rarely detectable pathogens.  

 

Due to the targeted vancomycin resistance in enterococci, an exemplary separated analysis 

of glycopeptides (see blue labeled groups in Table 12) shows a significant association 

between rising VRE. faecium incidence densities and high consumption densities in 

parenteral applied vancomycin (IRR 1.023 (1.01-1.03 95%CI), p < .0001) and teicoplanin 

(IRR 1.01 (1.00-1.02 95%CI), p = 0.03).  The significance is also manifest for an association 

of the resistance rate of VRE. faecium and parenteral applied vancomycin (IRR 1.01 (1.00-

1.02 95%CI), p = 0.03). Additionally, parenteral vancomycin application is significant (IRR 

1.01 (1.00-1.02 95%CI), p = 0.03) when associated with an increased resistance rate in 

VRE. faecium, although no significant association is shown in glycopeptides in general.  

 

 

5.3.2 Multivariate analysis  

 

The following multivariate analysis intended to examine the trend of the incidence density 

and the resistance rate of VRE. faecium and VRE. faecalis and correlating antibiotic 

substances adjusted by the different confounders, including time, type of ICU, type of 

hospital, and, additionally, the lag of antibiotic use (see Table 13). A summarized overview 

of the pooled antibiotic groups and related trends can additionally be found in Appendix VI. 

Overall, the parsimonious model for the incidence density analysis shows significant results 

in VRE. faecium for the linear time trend (IRR 1.015 (1.012-1.017 95%CI), p < .0001), 

carbapenems (IRR 1.009 (1.006-1.013 95%CI), p < .0001), and glycopeptides (IRR 1.009 

(1.002-1.015 95%CI), p = 0.009). After adjusting the model with above mentioned 

confounders, the incidence density of VRE. faecium still shows an increasing linear trend 

of 1.5% per month (IRR 1.015 (1.012-1.017 95%CI), p < .0001) and a positive correlation 

in carbapenems (IRR 1.009 (1.005-1.012 95%CI), < .0001) and glycopeptides (IRR 1.007 

(1-1.013 95%CI), p = 0.04) with no influence of ICU type or hospital type.  

For the second sensitivity analysis, the additional antibiotic consumption of the month 

before was included and results in a monthly increasing linear trend of 1.4% (IRR 1.014 

(1.012-1.016 95%CI), p < .0001), as well as significant correlations with the consumption 

density of glycopeptides in the current month (IRR 1.007 (1.001-1.013 95%CI), p = 0.021) 

and, for carbapenems, not only in the current month (IRR 1.008 (1.005-1.012), p < .0001) 

but also the previous month (IRR 1.006 (1.002-1.009 95%CI), p = 0.001).  
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Parameter Category 
ID VRE. faecium 

IRR (95%CI) p* 

Parsimonious model   

Time trend (linear) per month 1.015 (1.01-1.01) <.0001 

Carbapenems (J01DH) per 1DDD/100 pd 1.009 (1.00-1.01) <.0001 

Glycopeptides (J01XA) per 1DDD/100 pd 1.009 (1.00-1.01) 0.009 

Model adjusted by confounders   

Time trend (linear) per month 1.015 (1.01-1.01) <.0001 

Type of ICU Medical 0.949 (0.65-1.37) 0.784 

 Surgical 1.061 (0.96-1.62) 0.785 

 Interdisciplinary 1 = reference  

Type of hospital Maximum care 1.46 (0.856-2.49) 0.164 

 Other 1 = reference  

Carbapenems (J01DH) per 1DDD/100 pd 1.009 (1.00-1.01) <.0001 

Glycopeptides (J01XA) per 1DDD/100 pd 1.007 (1-1.01) 0.04 

Model with lag of AB use   

Time trend (linear) per month 1.014 (1.01-1.01) <.0001 

Carbapenems (J01DH) in current month per 1DDD/100 pd 1.008 (1.00-1.01) <.0001 

Carbapenems (J01DH) before current 

month 
per 1DDD/100 pd 1.006 (1.00-1.00) 0.002 

Glycopeptides (J01XA) in current month per 1DDD/100 pd 1.007 (1.00-1.01) 0.002 

*Significance level of 5%; p=0.05 

Table 13: Multivariate analysis of the incidence density for VRE. faecium adjusted by ICU 

type, hospital type, lag of AB use; ID = incidence density, IRR = incidence rate ratio, CI = 

confidence interval, pd = patient days. 

 
Next, for the incidence density of VRE. faecalis (see Table 14) no significant trend could be 

shown, neither in the parsimonious model (IRR 1.003 (0.998-1.008 95%CI), p = 0.216), nor 

in the adjusted model (IRR 1.003 (0.997-1.008 95%CI), p = 0.3308). However, the results 

of the included antibiotic consumption density indicate that beta-lactamase sensitive 

penicillin (IRR 0.880 (0.81-0.956 95%CI), p = 0.002) has a protecting effect on the incidence 

density of VRE. faecalis that depends neither on hospital nor the type of ICU (IRR 0.888 

(0.822-0.96), p = 0.002). 
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Parameter Category 
ID VRE. faecalis 

IRR (95%CI) p* 

Parsimonious model   

Time trend (linear) per month 1.003 (0.99-1.00) 0.216 

Beta-lactamase penicillin (J01CE) per 1DDD/100 pd 0.880 (0.81-0.95) 0.002 

Model adjusted by confounders   

Time trend (linear) per month 1.003 (0.99-1.00) 0.338 

Type of ICU Medical 0.831 (0.29-2.32) 0.725 

 Surgical 1.215 (0.47-3.08) 0.681 

 Interdisciplinary 1 = reference  

Type of hospital Maximum care 0.508 (0.12-2.01) 0.335 

 Other 1 = reference  

Beta-lactamase sensitive penicillin 

(J01CE) 
per 1DDD/100 pd 0.888 (0.88-0.96) 0.0028 

*Significance level of 5%; p=0.05 

Table 14:  Multivariate analysis of the incidence density for VRE. faecalis adjusted by ICU 

type, hospital type, lag of AB use; ID = incidence density, IRR = incidence rate ratio, CI = 

confidence interval, pd = patient days. 

 

The multivariate analysis that was conducted to examine the resistance rate of VRE. 

faecium and VRE. faecalis showed significant results for different antibiotic groups than for 

the resistance density (see Table 15 and 16). This is attributable to the differences 

previously mentioned in the available data, since the resistance rate depends on integral 

numbers. 

However, the parsimonious model shows a significant rising linear trend of 1.7% per month 

in VRE. faecium resistance rate (IRR 1.017 (1.015-1.019 95%CI), p < .0001) and a positive 

correlation for the application density of glycopeptides (IRR 1.015 (1.004-1.028 95%CI), p 

= 0.0112) and aminoglycosides (IRR 1.014 (1.004-1.024 95%CI), p = 0.0045). After 

adjusting the model by the confounding variables of ICU and hospital type, no significant 

differences could be identified between medical and surgical ICU, nor between maximum 

care and other types of hospital.  

Furthermore, the adjusted model with the additional lag of antibiotic use shows, that the 

VRE. faecium resistance rate increases significantly with a rising application density of 

glycopeptides (IRR 1.013 (1.004-1.022 95%CI), p = 0.0045), and aminoglycosides (IRR 

1.012 (1.003-1.021 95%CI), p = 0.0106) in the current month, and the use of glycopeptides 

in the previous month (IRR 1.015 (1.008-1.023 95%CI), p < .0001). Additionally, the 
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application of broad-spectrum penicillin in the month before also showed a significant 

correlation (IRR 1.005 (1-1.01 95%CI), p = 0.033) in the increasing VRE. faecium resistance 

rate.  

 

Parameter Category 
RR VRE. faecium 

IRR (95%CI) p* 

Parsimonious model   

Time trend (linear) per month 1.017 (1.01-1.01) <.0001 

Glycopeptides (J01XA) per 1DDD/100 pd 1.015 (1.00-1.02) 0.0112 

Aminoglycosides (J01G) per 1DDD/100 pd 1.014 (1.00-1.02) 0.0045 

Model adjusted by confounders   

Time trend (linear) per month 1.017 (1.01-1.01) <.0001 

Type of ICU Medical 1.295 (0.73-2.29) 0.376 

 Surgical 1.079 (0.60-1.93) 0.798 

 Interdisciplinary 1 = reference  

Type of hospital Maximum care 1.78 (0.588-2.35) 0.643 

 Other 1 = reference  

Glycopeptides (J01XA) per 1DDD/100 pd 1.014 (1.00-1.02) 0.015 

Aminoglycosides (J01G) per 1DDD/100 pd 1.014 (1.00-1.02) 0.004 

Model with lag of AB use   

Time trend (linear) per month 1.017 (1.01-1.01) <.0001 

Glycopeptides (J01XA) in current month per 1DDD/100 pd 1.013 (1.00-1.02) 0.004 

Glycopeptides (J01XA) before current 

month 
per 1DDD/100 pd 1.015 (1.00-1.02) <.0001 

Aminoglycosides (J01G) in current month per 1DDD/100 pd 1.012 (1.00-1.02) 0.01 

Broad-spectrum sensitive penicillin 

(J01CA) in current month 
per 1DDD/100 pd 1.005 (1-1.01) 0.033 

*Significance level of 5%; p=0.05 

Table 15: Multivariate analysis of the resistance rate for VRE. faecium adjusted by ICU 

type, hospital type, lag of AB use; RR = resistance rate, IRR = incidence rate ratio, CI = 

confidence interval, pd = patient days. 

 

In the analysis of the resistance rate of VRE. faecalis (see Table 16) no significant linear 

trend could be identified, neither in the parsimonious model (IRR 1.003 (0.998-1.009 

95%CI), p = 0.218), nor in the adjusted model (IRR 1.003 (0.998-1.009 95%CI), p = 0.267). 

However, this model shows a significant protecting effect in the consumption of beta-

lactamase sensitive penicillin (IRR 0.916 (0.869-0964 95%CI), p = 0.0008). This effect is 
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also replicated in the adjusted model (IRR 0.917 (0.874-0.961 95%CI), p = 0.0004) with a 

constant trend of VRE. faecalis resistance rate (IRR 1.003 (0.998-1.009 95%CI), p = 0.267). 

No differences could be identified among different types of hospital and ICU.   

 

Parameter Category 
RR VRE. faecalis 

IRR (95%CI) p* 

Parsimonious model   

Time trend (linear) per month 1.003 (0.99-1.00) 0.218 

Beta-lactamase penicillin (J01CE) per 1DDD/100 pd 0.916 (0.86-0.96) 0.0008 

Model adjusted by confounders   

Time trend (linear) per month 1.003 (0.99-1.00) 0.267 

Type of ICU Medical 1.107 (0.41-2.93) 0.838 

 Surgical 1.267 (0.51-3.13) 0.607 

 Interdisciplinary 1 = reference  

Type of hospital Maximum care 0.449 (0.14-1.41) 0.171 

 Other 1 = reference  

Beta-lactamase sensitive penicillin 

(J01CE) 
per 1DDD/100 pd 0.917 (0.87-0.96) 0.0004 

*Significance level of 5%; p=0.05 

Table 16: Multivariate analysis of the resistance rate for VRE. faecalis adjusted by ICU type, 

hospital type, lag of AB use; RR = resistance rate, IRR = incidence rate ratio, CI = 

confidence interval, pd = patient days. 

 

To sum up the presented results in relation to the constructed research question, it becomes 

clear, that there are significant differences in the development and distribution of VRE. 

faecium and VRE. faecalis during the selected 15-year period.  
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6. Discussion 

 

The aim of this master's thesis was to investigate the development of resistance rates and 

densities of VRE and the relationship between pathogen species and antibiotic use density 

in German intensive care units between 2006 and 2020.  

 

The first finding of the study was that since 2006, the resistance density of VRE. faecium 

has clearly increased with a linear trend of 1.7% per year, and an annual increase of the 

resistance rate of 1.5%. In the meantime, the load of vancomycin-susceptible E. faecium 

strains stagnated. For VRE. faecalis no significant rising or decreasing trend could be 

identified neither for the resistance density, nor for the resistance rate. This supports the 

findings from previous publications in different European countries and the most recent data 

that is available from the EARS-network. However, most surveillance data and studies focus 

on isolates in terms of percentage and not on the incidence density or the resistance rates. 

Nevertheless, VRE. faecium shows a concerning trend that has significantly increased 

since 2006. The increasing counts of resistant isolates observable in various European 

countries [27] reflect an identical situation in Germany. The variance clearly showed that an 

increasing resistance rate of VRE. faecium affects not just individual wards but all types of 

hospitals and ICUs. This observation is verified by a novel report that reviewed data and 

outbreak reports from Germany and the Netherlands and identified VRE. faecium as causal 

pathogen in all evaluated outbreak events [81].  

Considering the individual development of the resistance rate and the incidence density, 

the results show an explicit increase until 2019, where the resistance rate of VRE. faecium 

has significantly increased to a ratio of IRR 15.72 (7.72-31.9 95%CI) that is 15 times higher 

than in 2006, while the resistance density has increased by a factor of 16 (IRR 16.73 (8.45-

33-1 95%CI)) at the same time. However, this increasing trend seems to pause in 2019, as 

results for 2020 showed a minimal downward trend in Germany, although data from the 

EARS-network still captured rising trends in other European countries [29]. The reasons for 

this contrastive development might include the SARS-CoV-19 outbreak in 2020, and the 

consequential reorganization of German ICUs and resource allocation, due to different 

terms of admission, fewer surgeries, and different patients with numerous Covid-19 cases. 

These factors could not be captured by the SARI system. Additionally, an overburdening of 

the health care system and healthcare professionals needs to be considered at this point, 

which may have led to less data recording or even reduced pathogen screening. This 

assumption is backed up by the German RKI that reported a decline of transferred pathogen 

detection in ARS during the second quarter of the first pandemic year [81]. Based on the 

ARS surveillance the institute also reports a decrease in VRE. faecium isolates after a peak 
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ratio of 26.3% in 2019 that dropped to 21.6% in 2021. Yet, Germany lies still above the 

European average which was 17.2% in the same year [82].  

Compared with other clinically relevant resistant bacteria e.g., methicillin-resistant 

Staphylococcus aureus, which has shown increasing rates for decades but has stagnated 

in recent years, the distribution of AMR varies widely among European countries. Despite 

north-to-south and west-to-east gradient evidence, with the lowest AMR percentage in the 

northern region and the highest incidences of several resistant pathogens in the south and 

the east, there is no distinct geographical pattern for VRE. faecium that can be identified 

[83].  

 

The second aim of the study was to determine the relationship between increasing VRE 

and analogous trends of the application density of specific antibiotics. The multivariate 

analysis confirmed the linear rising trend of VRE. faecium with no evidence of differences 

among different types of hospitals and ICUs. Comparing this with antibiotic substances that 

are available to treat VRE, high resistance rates of VRE. faecium were involved with high 

application densities of glycopeptides and aminoglycosides. These substances are used for 

serious enterococci infections, although acquired resistances already exist in the species, 

and are especially known in E. faecium [58]. Indeed, the known intrinsic low-level resistance 

against aminoglycosides was enhanced by adding cell wall-active agents e.g., vancomycin 

in the past [57]. However, the occurrence of resulting high-level resistance against all 

aminoglycosides and correlated rising VRE. faecium resistance rates eliminates the 

potential for such synergetic treatments in the pictured development.  

 

After adjusting the model and additionally including antibiotic consumption of the month 

before the original month, broad-spectrum sensitive penicillin was also identified as a risk 

factor for high resistance rates in VRE. faecium. The group of carbapenems, on the other 

hand, did not have an effect on the resistance rate but on the incidence density of the 

pathogen. The application of carbapenems in the current month and in the previous month 

was significantly correlated with the increasing resistance rate of VRE. faecium, although 

carbapenems are not connected with the treatment of enterococcal infections in the first 

place. Moreover, despite the susceptibility in the wild type, VRE are already known for their 

carbapenem resistance [59]. Furthermore, carbapenems are mainly used in gram-negative 

infections, or infections that are caused by bacteria that are already highly resistant against 

several antibiotic groups. In fact, carbapenem resistance is rather known in Escheria coli or 

Klebsiella pneumonaie which can also cause serious infections in hospitalized patients and 

are referred to carbapenem resistant Enterobacteriaceae (CRE) [83]. Beside several risk 

factors, that were not included in this study but are relevant for the development of infections 
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caused by enterococci, including medical devices, length of hospital stay, or a patient’s 

comorbidity, the interaction between these different pathogen species needs to be taken in 

account as well. Especially the increasing number of hospitalized patients in critical care 

units that are immunosuppressed and receiving multiple antibiotic agents promote 

multiresistant germs to evolve [57]. Study findings from the United States suggest 

information that strains of CRE and VRE are capable of forming biofilms and show 

synergetic interactions between antibiotics and added virulence factors [84]. However, such 

biofilm formations are not well characterized and were in this specific study tested for VRE. 

faecalis, which is in fact the less relevant strain in the present report.  

Despite that, the positive correlation of VRE. faecium and the use of carbapenems is 

supported by earlier study findings from Taiwan, where data were evaluated from 2010 to 

2019, considering prevalence of VRE. faecium and antibiotic consumption. In this study, an 

increased consumption of carbapenems, which included meropenem, was found to be 

significant for the resistance rate of VRE. faecium, but also the increase in total rates of 

VRE. Although the study explored data from only one single hospital, the results clearly 

indicated that significant changes in antimicrobial use have affected antimicrobial resistance 

of enterococci in that hospital [85]. 

It is already known that various antimicrobial agents, especially broad-spectrum 

substances, may predispose patients to resistant enterococci, but another retrospective 

study indicated that longer exposures to vancomycin, fluroquinolones, or meropenem, 

which belongs to the group of carbapenems, were associated with VRE bacteremia. This is 

thought to be caused by longer occurrences of fluroquinolones and meropenem may 

promote intestinal colonization with hospital-adapted strains of E. faecium [86]. 

Furthermore, Harbarth et. al. published findings according to which an increased use of 

multiple antimicrobials in patients with VRE colonization inhibits other bacteria and 

promotes overgrowth with VRE. This happens especially due to the use of substances that 

are considered most active against gram-negative bacteria, which in turn would explain the 

atypical observed correlation of carbapenems and VRE. faecium in the present study 

[87,88]. 

 

In view of the increased glycopeptide use another point that needs consideration is that co-

colonization or co-infection of VRE and MRSA can occur among hospitalized patients, as 

glycopeptides such as vancomycin and teicoplanin are the first choice of treatment of MRSA 

[84], what would explain the high glycopeptide consumption density and its positively 

association with the increased VRE. faecium incidence density. However, this assumption 

contradicts the reported stagnant or even decreasing trend of MRSA in recent years. The 

finding of positive correlations between increased teicoplanin use and decreased MRSA 
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incidence but increased VRE incidence may be contradictory but should not be neglected 

in the development of VRE.  Therefore, MRSA should be considered as an additional 

pathogen species to serve as a co-factor or reference species in further analyses. 

 

However, the limitations of the present study and method need to be discussed before 

drawing conclusions.  

 

 

6.1 Limitations  

 

The first limitation of the presented study is due to variations among the participating units, 

as not every ICU delivered continuous data in all 12 months of the year, and certainly not 

for the full 15-year period. In fact, more reliable data would be available if the count of 

participating hospitals and individual wards increased, which is difficult to implement on a 

voluntary basis. Furthermore, the heterogeneity regarding the type of patients need to be 

considered critically, due to a high representativeness of university hospitals and hospitals 

with maximum care. This may lead to biased data and an overestimation of the antibiotic 

application density and resistance rate [75].  Another important point regarding the data 

collection is that resistance testing depends on different laboratories with non-identical 

standards (DIN, CLSI and EUCAST) and diverse limiting values. In case of an adjustment 

in a certain laboratory or changes in test procedures in such long time period, resulting 

resistance rates may increase and can be difficult to interpret [75].  

 

What additionally limits the interpretation of the presented results is that no differentiation 

between nosocomial and non-nosocomial infection is possible in SARI. Due to missing 

information as to when a patient got colonized or infected with the pathogen species, the 

captured data cannot be differentiated in a hospital acquired or brought pathogen. Based 

on that, there is also no information available of how long a patient stayed in a hospital and 

what procedures or devices were used in the context of the stay. In fact, there is evidence 

that the main risk factors for colonization and subsequent nosocomial infection with VRE 

include long periods of hospitalization, and the presence of urinary catheters [57]. These 

risk factors are associated with high densities of antibiotic use, but are not captured by SARI 

but by other surveillance systems. However, ICUs that participate in SARI are not 

necessarily included in other available surveillance data, e.g., hospital infections 

surveillance system (KISS). To compensate this limitation used isolates could be 

differentiated by genotypization. Genotyping the pathogen isolates would contribute to a 
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differentiation of two essential causes that are relevant in the context of correlations 

between resistance data and antibiotic application densities. Increasing resistances can 

occur due to selection pressure and antibiotic application induced resistances or the 

transmission and distribution of bacteria through insufficient hygiene measures. In case of 

a transmission caused pathogen accumulation the diversity of the strain would be less 

diverse compared to an antimicrobial induced resistance increase [68]. 

 

Another methodical limitation is due to the analysis of pooled antibiotic substance, as the 

random analysis of glycopeptides showed significant differences within the sub-group itself. 

In the univariate generalized linear model no significant result was shown between the 

resistance rate of VRE. faecium and the application density of the glycopeptide group. 

However, the individual analysis identified a significant positive correlation for parenteral 

applied vancomycin. Hence, evidence suggests that there could be other individual 

antibiotic substances overlooked in non-significant substance groups. This suspicion is 

confirmed by the parallel background analyses previously mentioned that included further 

substances such as tuberculostatics and showed significant results in correlation with rising 

resistance rates of VRE. faecium, which again led to altered results after excluding them 

from the model. In fact, those findings are not described in any available literature yet and 

again point out the complexity of AMR in general. Compared with high-level resistance to 

aminoglycosides, what eliminates the effectivity of antibiotic combination previously 

mentioned, VRE. faecium might be one of the most pressing issue clinicians are facing, as 

other therapeutics are not reliable, or have not been tested in prospective clinical trials [57].  

 

Next, the statistical calculation of the more rarely VRE. faecalis needs to be discussed. The 

results of the study showed that the resistant pathogen did not change in appearance and 

that VSE. faecalis did not show a significant increase or decrease either. Although this 

stagnant trend could be identified and no antibiotic substance group was identified as a risk 

factor neither in the resistance rate nor in the incidence density, the fact of not estimable 

counts of the pathogen species needs to be underlined. Missing observations and resulting 

blank values during data collection led to non-calculable results that are impossible to 

interpret in a reliable manner. However, compared to VRE. faecium a lower prevalence of 

VRE. faecalis has been reported in the literature [27,57,82] and is consistent with the 

observation in this retrospective study. Consequently, the resulting significant data of beta-

lactamase penicillin that showed a protecting effect on the subspecies’ resistance rate and 

incidence density, what also needs to be considered with caution precisely because of those 

calculation limits.     
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Lastly, for the differentiation of the analyzed data the defined difference between incidence 

density and resistance rate needs to be respected to prevent interpretation mistakes.  The 

incidence density analyses individual months with counts of available pathogen isolates per 

logarithmized patient days and refers to months in which the pathogens were available. By 

contrast, the resistance rate per 100 pathogens refers to all months and describes a ratio, 

what results in an aggregated number per month. That in turn, explains the difference in the 

resulting antibiotics between the VRE resistance rates and resistance density.  

 

 

6.2 Recommendation for further research  

 
This study provided new insights into the relationship between increasing VRE. faecium 

density and an increased use of carbapenems in German ICUs. There is currently no 

extensive data or study findings available in other European countries, which points out the 

possible relevance of atypical antimicrobial agents in case of resistance evolution in this 

pathogen species. Considering the multifactorial development of resistance mechanism in 

general and its rapid exchange among observed pathogens, the extensive data collection 

via surveillance systems, and additional accurate screening and protection strategies will 

be essential. Generally, the control of AMR seems challenging, due to missing data and 

inadequate or non-consistent data collection [19]. Thus, further surveillance on a regional, 

national and global level is needed to deliver standardized data and allows above listed 

limitations to be reduced in future study designs. For this a rededicated, coordinated and 

collaborative global effort of all stakeholders, including healthcare institutions, governmental 

agencies, research groups, as well as pharmaceutical and food industry is indispensable 

[21]. Further regulations, including a strict monitoring of antibiotic use in hospital settings, 

as well in life stock farming should be implemented as part of the health policy. Additional 

data collecting on medical devices and the length of hospitalization would enable new 

comprehensive data analyses.  

To follow up on the relevance of gen typing mentioned previously, another retrospective 

study that examines captured isolates and allows genotyping of the resistant E. faecium 

strains would eventually reveal further causality of relevant antibiotic application densities. 

Another aspect that would possibly lead to novel findings includes the above-mentioned, 

yet incomplete theory of the biofilm forming in colonized or infected patients. Future studies 

should examine the mechanism by which enterococci can colonize a patient’s GI tract more 

precisely, which would allow a resulting focus on the ways to reduce or prevent colonization 

in the first place. However, these study approaches include extensive biomolecular and 
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biotechnical procedures that are expensive and time-consuming. But considering the fact 

that enterococci have shown the ability to evolve rapidly and develop resistances to every 

antibiotic substance that is used against them [54,85], further comprehensive research is 

inevitable, novel approaches for therapy and protection measures are needed.  

 
 

7. Conclusion  
 

This 15-year retrospective study revealed that significant changes in antimicrobial 

application densities might have affected antimicrobial resistance of enterococci in German 

ICUs, with a focus on vancomycin-resistant E. faecium strains. While VRE. faecalis was 

less frequent, VRE. faecium showed a continuous increasing trend, which correlated 

positively amongst others with the increasing use of carbapenems. Consequently, E. 

faecium has emerged as the more therapeutically challenging organism in the context of 

intensive care medicine.  

These findings reiterate the importance of antimicrobial resistance, and particularly the 

importance of VRE in the context of nosocomial infections. Continued surveillance and 

study of enterococci, including the pathogens’ biology and genetics, is therefore essential 

and will contribute to a better understanding of the development of resistant enterococci. 

For this, appropriate infection control measures are fundamental in German and European 

hospitals. Therefore, these research data should serve researcher for further research 

approaches, and clinicians and decision makers in the future, to improve antibiotic 

prescription strategies to prevent a further rise in VRE.   
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Gruyter, 2012. p.296-298.  

48. Noll I, Schweickert B, Tenhagen BA, Käsbohrer A. Antibiotikaverbrauch und 
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Appendix I 
 
VRE. faecium isolates in Europe from 2006 to 2020 (part1/2) [27] 
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VRE. faecium isolates in Europe from 2006 to 2020 (part 2/2) [27] 
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VRE. faecalis isolates in Europe from 2006 to 2020 (part 1/2) [27] 
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VRE. faecalis isolates in Europe from 2006 to 2020 (part 2/2) [27] 
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Appendix II 
 

Literature search (own flowchart) 
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(n = 69) 

Studies and articles from 
Websites (e.g. WHO, CDC) 
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Remaining after removal of 
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(n = 65) 
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Full text appropriate 
(n = 57) 

Full text inappropriate  
(n = 1) 

Included publications  
(n = 56) 

International studies and 
articles 
(n = 40) 

National studies and 
articles 
(n = 16) 

Literature from handbooks 
(n = 12) 

Accepted preselection 
(n = 65) 
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Appendix III 
 
SPSS exemplary syntax  
 
* Encoding: UTF-8. 

 

DATASET ACTIVATE DataSet1. 

REGRESSION 

  /MISSING LISTWISE 

  /STATISTICS COEFF OUTS CI(95) R ANOVA 

  /CRITERIA=PIN(.05) POUT(.10) 

  /NOORIGIN 

  /DEPENDENT tR13A4 

  /METHOD=ENTER Jahreszahl. 

 

REGRESSION 

  /MISSING LISTWISE 

  /STATISTICS COEFF OUTS CI(95) R ANOVA 

  /CRITERIA=PIN(.05) POUT(.10) 

  /NOORIGIN 

  /DEPENDENT RR13A4 

  /METHOD=ENTER Jahreszahl. 

 

DATASET ACTIVATE DataSet1. 

REGRESSION 

  /MISSING LISTWISE 

  /STATISTICS COEFF OUTS CI(95) R ANOVA 

  /CRITERIA=PIN(.05) POUT(.10) 

  /NOORIGIN 

  /DEPENDENT g10 

  /METHOD=ENTER Jahreszahl. 

 
 
SAS model codes  
 
SAS code: Analysis of incidence densities of VRE. faecium and VRE. faecalis  / 1000 
patient days  
 

proc genmod data=dataset;  

class Station saison(ref='1') jahr(ref='2006')  monat(ref='1');   

model tR13A4 = time ADuse / dist=NEGBIN offset=lnpattage link=log  

type3 ;   

repeated subject= Station /  type=AR;  

ods output GEEEmpPEst = koeff;  

run;  

 

 

SAS code: Analysis of resistance rates of resistant VRE. faecium and VRE. faecalis / 100 
pathogens   
 

proc genmod data= dataset; 

   class Station saison(ref='1') jahr(ref='2006')  monat(ref='1'); 

   model resERR/getERR = time ADuse / dist = bin link = logit lrci type3; 

repeated subject=KRHICU /  type=AR;  

ods output GEEEmpPEst = koeff;  

run; 
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SPSS output of the Linear regression analysis (RR and RD VRE. faecium and VRE. 
faecalis) 
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RR VRE. faecium and VRE. faecalis  
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RD VRE. faecium and VRE. faecalis  
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SPSS output of the Linear regression analysis (antibiotic application density g1—g12, 
g14, g16, g18, g21, g22)  
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Appendix IV 
 
 
Pooled antibiotic application density (including individual substances per group and application form)   

Variable name Label (ATC code)  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

g1 Beta-lactamase sensitive penicillin (J01CE) 23.0 20.0 17.2 19.4 20.2 18.7 18.3 15.1 23.0 26.4 22.9 20.7 23.8 26.1 25.5 

AD82 Benzylpenicillin (p) (J01CE01) 19.8 19.0 16.6 19.1 19.6 18.3 17.4 14.6 21.2 25.2 20.8 20.1 23.2 25.1 24.8 

AD102 Phenoxymethylpenicillin (o) (J01CE02) 3.3 0.9 0.6 0.3 0.6 0.4 0.9 0.5 1.8 1.2 2.0 0.6 0.6 1.0 0.7 

AD130 Propicillin (o) (J01CE03) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD150 Benzathine benzylpenicillin (J01CE08) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

g2 Broadspectrum penicillin (J01CA) 100.9 103.4 81.6 89.2 66.6 60.7 47.5 33.6 36.5 38.9 39.6 64.4 57.7 60.0 65.6 

AD30 Ampicillin (p) (J01CA01) 19.8 24.6 18.2 21.6 18.4 22.6 26.1 20.5 24.6 27.6 26.6 52.4 43.6 48.3 55.9 

AD29 Ampicillin (o) (J01CA01) 0.8 -0.1 0.0 0.2 0.0 0.0 -0.1 0.0 0.0 0.8 0.8 0.1 0.0 0.0 0.0 

AD32 Amoxicillin (p) (J01CA04) 0.7 1.1 0.4 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 

AD31 Amoxicillin (o) (J01CA04) 9.9 14.7 14.2 13.8 6.7 10.8 8.1 11.1 10.9 9.7 11.9 11.4 13.2 11.0 8.9 

AD219 Pivmecillinam (o) (J01CA08) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.2 0.3 0.5 0.5 

AD34 Azlocillin (p) (J01CA09) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD66 Mezlocillin (p) (J01CA10) 16.4 14.8 11.7 7.2 7.3 4.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD72 Piperacillin (p) (J01CA12) 53.2 48.4 37.2 46.4 34.1 23.2 13.3 1.7 1.0 0.8 0.3 0.3 0.1 0.2 0.2 

AD145 Temocillin (p) (J01CA17) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Variable name Label (ATC code)  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

g3 Beta-lactamase resistant penicillin (J01CF) 37.3 45.2 40.7 41.7 25.0 32.5 34.3 33.4 49.7 53.1 75.5 86.2 85.7 90.6 98.5 

AD2 Oxacillin (p) (J01CF04) 0.1 0.5 1.1 0.9 0.1 0.3 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 

AD1 Oxacillin (o) (J01CF04) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD56 Flucloxacillin (p) (J01CF05) 36.6 43.1 39.4 40.4 24.5 31.9 34.1 33.3 49.4 52.3 75.4 85.7 85.6 90.6 97.9 

AD55 Flucloxacillin (o) (J01CF05) 0.6 1.6 0.2 0.4 0.1 0.3 0.2 0.1 0.3 0.8 0.0 0.5 0.1 0.1 0.6 

AD64 Methicillin (p) (J01CF03) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD128 Dicloxacillin (p) (J01CF01) 0.0 0.0 0.1 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD129 Dicloxacillin (o) (J01CF01) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

g4 
Penicillin + lactamase inhibitors (J01CR) 
(pseudomonas efficacy excluded) 

157.6 160.2 145.2 135.9 160.9 193.8 227.1 262.8 267.8 276.4 273.0 284.4 328.6 354.3 353.0 

AD25 Ampicillin-Sulbactam (p) (J01CR01) 76.5 91.2 81.2 59.2 69.0 83.7 107.6 136.9 128.8 123.8 121.8 134.5 162.7 171.1 173.7 

AD105 Sultamicillin (o) (J01CR04) 2.0 3.5 2.3 2.3 1.9 2.2 0.6 2.5 2.3 8.9 2.0 2.0 1.4 1.4 1.4 

AD87 Amoxicillin-Clavulanacid (p) (J01CR02) 25.1 15.8 10.9 18.1 15.3 17.2 11.5 0.4 0.3 0.8 0.2 0.1 0.4 1.6 1.0 

AD26 Amoxicillin-Clavulanacid (o) (J01CR02) 13.0 7.4 6.2 6.3 3.8 3.4 2.8 1.3 1.0 1.7 1.6 3.0 2.5 4.4 4.0 

AD24 Piperacillin-Tazobactam (p) (J01CR05) 41.0 42.3 44.6 50.0 71.0 87.3 104.6 121.7 135.3 141.2 147.4 144.8 161.6 175.8 173.0 

g5 Cephalosporines (1st generation) (J01DB) 39.2 32.8 28.5 34.1 28.6 35.5 38.1 35.3 36.7 33.5 32.2 35.4 40.2 40.9 37.0 

AD37 Cefazolin (p) (J01DB04) 39.2 32.7 28.5 33.8 28.4 35.4 38.1 35.3 36.5 33.1 32.1 35.3 40.0 40.5 36.8 

AD106 Cefalexin (o) (J01DB01) 0.0 0.1 0.0 0.3 0.3 0.1 0.0 0.0 0.2 0.3 0.1 0.1 0.2 0.4 0.2 

AD131 Cefadroxil (o) (J01DB05) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

g6 Cephalosporines (2nd generation) (J01DC) 93.6 97.9 95.3 95.3 92.9 92.7 88.4 89.7 74.0 93.5 71.8 62.3 46.7 44.0 36.6 
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Variable name Label (ATC code)  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

AD36 Cefmandol (J01DC03) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD46 Cefuroxim (p) (J01DC02) 84.1 85.5 84.0 80.7 80.5 77.1 75.9 78.7 66.0 72.5 63.6 53.3 42.2 40.2 32.3 

AD45 Cefuroxim-Axetil (o) (J01DC02) 5.4 10.5 7.6 11.7 11.4 15.3 12.1 10.9 7.8 20.7 7.7 7.4 4.2 3.5 3.9 

AD41 Cefotiam (J01DC07) 3.8 1.8 3.7 2.8 0.9 0.4 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD42 Cefoxitin (J01DC01) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 

AD108 Cefaclor (o) (J01DC04) 0.4 0.0 0.0 0.0 0.2 0.0 0.1 0.2 0.2 0.3 0.5 0.7 0.3 0.3 0.4 

g7 Cephalosporines (3rd generation) (J01DD) 124.0 111.8 111.6 122.6 117.7 115.1 109.2 98.8 91.2 99.3 92.1 99.3 83.3 81.6 75.6 

AD18 Cefotaxim (p) (J01DD01) 18.9 16.2 18.1 17.0 14.6 10.1 14.1 13.5 7.7 7.7 7.0 8.5 8.2 9.0 11.3 

AD21 Ceftazidim (p) (J01DD02) 34.9 36.0 37.6 43.6 40.5 39.8 36.5 29.0 26.5 24.8 30.5 35.2 25.7 24.1 19.7 

AD43 Ceftizoxime (p) (J01DD22) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD44 Ceftriaxon (p) (J01DD04) 69.7 59.3 55.5 61.8 62.3 64.8 58.4 56.0 56.7 65.8 54.3 53.9 47.0 45.2 41.5 

AD140 Ceftibuten (J01DD14) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD40 Cefoperazon (J01DD32) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD39 Cefodizim (J01DD25) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD107 Cefixim (o) (J01DD08) 0.3 0.1 0.2 0.0 0.1 0.2 0.2 0.1 0.0 0.2 0.0 0.4 0.1 0.0 0.0 

AD109 Cefpodoxin (o) (J01DD13) 0.1 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.8 0.2 0.7 0.4 0.7 0.5 

AD146 
Ceftazidim + beta-lactamase inhibitor (p) 
(J01DD52) 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 1.9 2.6 2.7 

g7a Cephalosporines (4th generation) (J01DE) 10.8 10.2 4.1 4.0 4.3 4.8 14.8 14.6 6.3 8.6 10.7 16.4 16.3 16.1 21.5 

AD38 Cefepim (p) (J01DE24) 10.8 10.2 4.1 4.0 4.3 4.8 14.8 14.6 6.3 8.6 10.7 16.4 16.3 16.1 21.5 
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Variable name Label (ATC code)  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

g8 Carbapenems (J01DH) 120.2 132.8 142.9 167.7 184.1 213.5 230.7 233.1 248.3 244.7 266.4 245.2 278.1 304.3 339.9 

AD22 Imipenem (p) (J01DH51) 53.1 63.1 62.1 74.3 73.2 62.1 65.4 55.3 43.5 43.5 38.0 30.2 28.2 22.8 17.7 

AD63 Meropenem (p) (J01DH02) 60.1 62.3 71.6 84.6 104.6 146.6 162.0 173.0 201.4 198.2 225.5 212.9 248.5 278.9 320.1 

AD123 Ertapenem (p) (J01DH03) 6.9 7.3 9.3 7.0 4.9 4.2 3.3 4.8 3.4 2.9 3.0 2.1 1.3 2.6 2.0 

AD135 Doripenem (p) (J01DH04) 0.0 0.0 0.0 1.8 1.3 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

g9 Monobactams (J01DF) 1.2 0.6 0.4 0.4 0.6 0.2 0.4 0.5 0.1 0.3 0.2 0.2 0.5 0.3 0.2 

AD35 Aztreonam (p) (J01DF01) 1.2 0.6 0.4 0.4 0.6 0.2 0.4 0.5 0.1 0.1 0.2 0.0 0.1 0.3 0.2 

AD143 Aztreonam (o) (J01DF01) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.1 0.4 0.0 0.0 

g10 Glycopeptides (J01XA) 40.3 37.9 36.2 45.6 61.5 54.3 56.6 59.2 62.4 58.2 64.7 58.6 64.1 77.2 89.3 

AD4 Vancomycin (p) (J01XA01) 37.6 34.8 34.1 44.6 59.7 53.1 53.5 54.2 59.6 55.0 59.3 57.0 55.8 54.7 70.2 

AD3 Vancomycin (o) (J01XA01) 0.4 0.3 0.0 0.2 0.1 0.1 0.3 0.2 0.2 0.1 0.3 0.0 0.1 0.1 0.3 

AD5 Teicoplanin (p) (J0XA02) 2.3 2.9 2.1 0.8 1.8 1.2 2.8 4.8 2.7 3.1 5.1 1.6 8.2 22.5 18.8 

g11 Fluorochinolones (J01MA) 172.3 168.7 164.6 170.7 171.6 184.5 183.6 160.5 152.2 172.1 167.3 157.2 128.9 88.9 90.2 

AD8 Ciprofloxacin (p) (J01MA02) 83.5 86.6 84.6 96.2 106.5 118.5 110.1 96.8 100.4 110.2 108.4 87.1 75.6 50.1 48.1 

AD7 Ciprofloxacin (o) (J01MA02) 27.8 29.3 24.7 25.6 17.9 16.7 18.3 14.5 14.4 18.4 13.9 12.9 14.4 8.4 5.2 

AD10 Ofloxacin (p) (J01MA01) 3.8 0.0 0.0 0.0 0.6 0.0 0.8 0.3 0.0 0.3 0.0 0.0 0.0 0.0 0.0 

AD9 Ofloxacin (o) (J01MA01) 0.0 0.2 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD12 Levofloxacin (p) (J01MA12) 17.7 10.2 14.0 16.0 18.5 23.8 28.9 25.0 21.1 22.6 30.0 43.9 25.4 21.7 28.2 

AD88 Levofloxacin (o) (J01MA12) 5.4 5.3 4.5 3.6 4.1 5.6 5.5 4.7 3.5 4.2 3.6 2.3 3.4 2.4 2.9 
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Variable name Label (ATC code)  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

AD13 Grepafloxacin (J01MA11) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD14 Sparfloxacin (p) (J01MA09) 0.0 0.0 0.2 0.0 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD15 Moxifloxacin (p) (J01MA14) 15.6 20.3 21.0 18.8 15.7 14.2 14.4 14.0 8.8 10.7 7.1 8.2 7.9 4.6 4.0 

AD116 Moxifloxacin (o) (J01MA14) 18.2 16.8 15.6 10.4 8.2 5.6 5.1 5.0 3.9 5.8 4.1 2.9 2.3 1.6 1.7 

AD16 Norfloxacin (o) (J01MA06) 0.2 0.0 0.1 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 

AD89 Gatifloxacin (J01MA06) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

g12 Sulfonamides and trimethoprim (J01E) 17.1 19.8 26.0 24.5 22.5 20.3 34.4 33.5 42.6 44.6 42.3 37.6 33.2 32.7 31.9 

AD133 Trimetoprim (p) (J01EA01) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD134 Trimetoprim(o) (J01EA01) 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD27_28 
Trimethoprim/Sulfamethoxazol 40:8 (p) 
(J01EE01) 

7.0 8.6 11.4 11.2 12.2 12.0 16.1 17.1 21.0 17.2 20.7 21.2 19.5 22.9 18.6 

AD85_86 
Trimethoprim/Sulfamethoxazol 40:8/80:16 (o) 
(J01EE01) 

10.0 11.1 13.9 11.9 9.7 8.4 17.1 14.4 19.1 20.1 18.1 15.8 13.7 9.8 12.4 

AD118 Tetroxoprim 100mg (o)  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD119 Sulfadiazim 250mg (o) (J01EC02) 0.0 0.1 0.7 1.4 0.5 0.0 1.3 2.1 2.4 7.3 3.6 0.6 0.0 0.0 0.8 

g14 Tetracyclines (J01AA) 13.6 24.2 21.8 28.0 35.8 25.5 26.7 25.6 24.0 31.9 33.2 24.2 24.8 22.3 22.7 

AD54 Doxycyclin (p) (J01AA02) 3.5 5.1 2.5 3.5 10.7 3.3 3.1 2.8 2.5 4.2 4.4 2.1 3.5 1.8 2.4 

AD53 Doxycyclin (o) (J01AA02) 6.4 5.6 5.7 8.0 3.3 4.4 6.7 5.1 7.5 7.4 8.1 6.5 6.6 5.0 4.7 

AD78 Tetracyclin (p) (J01AA07) 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD77 Tetracyclin (o) (J01AA07) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD68 Minocyclin (p) (J01AA08) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Variable name Label (ATC code)  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

AD67 Minocyclin (o) (J01AA08) 0.0 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.1 0.3 0.1 0.2 0.1 0.4 0.1 

AD125 Tigecyclin (p) (J01AA12) 3.8 13.6 13.5 16.2 21.6 17.9 17.0 17.7 13.9 20.0 20.6 15.4 14.6 15.0 15.5 

g16 Macrolides (J01FA) 74.7 83.1 89.1 106.4 107.9 111.4 105.8 109.9 99.8 113.8 91.6 90.3 89.0 82.9 92.5 

AD20 Erythromycin (p) (J01FA01) 40.2 45.3 44.3 53.1 52.5 55.7 49.7 49.2 43.7 46.8 34.2 34.4 32.8 26.8 35.7 

AD19 Erythromycin (o) (J01FA01) 1.5 2.3 1.5 1.7 0.8 0.9 3.8 3.2 2.3 2.1 1.3 0.6 0.6 0.4 0.7 

AD114 Erythromycin-ethylsuccinat (o) (J01FA01) 0.1 0.1 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD75 Roxithromycin (o) (J01FA06) 3.2 5.1 6.2 6.9 3.4 3.7 3.4 2.4 4.7 10.5 2.6 2.6 2.8 1.5 2.1 

AD115 Clarithromycin (p) (J01FA09) 10.9 11.7 14.4 18.9 27.5 32.4 28.5 34.7 31.3 29.6 30.8 30.7 30.3 32.3 34.7 

AD49 Clarithromycin (o) (J01FA09) 18.3 17.9 20.8 25.0 22.1 17.5 18.9 18.8 16.2 21.2 20.5 19.0 18.0 17.1 13.1 

AD33 Azithromycin (o) (J01FA10) 0.6 0.7 1.6 0.4 1.4 1.1 1.1 1.5 1.6 3.4 2.1 2.7 4.1 4.1 4.4 

AD132 Azithromycin (p) (J01FA10) 0.0 0.0 0.0 0.2 0.1 0.1 0.3 0.2 0.1 0.2 0.1 0.3 0.4 0.6 1.7 

g18 Aminogklycosides (J01G) 29.8 28.1 25.2 27.6 32.6 29.2 28.8 24.4 26.1 29.0 33.7 29.8 35.6 35.7 39.3 

AD76 Streptomycin (p) (J01GA01) 0.0 0.2 0.0 0.1 0.1 0.5 0.5 0.1 0.3 0.2 0.1 0.0 0.0 0.0 0.0 

AD81 Tobramycin (p) (J01GB01) 10.4 8.3 8.3 13.8 14.1 13.3 15.1 11.8 10.3 10.0 9.6 11.8 15.5 16.7 23.4 

AD110 Tobramycin (kap) (J01GB01) 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD136 Tobramycin (inh) (J01GB01) 0.0 0.0 0.0 0.5 4.5 2.3 2.4 0.9 3.0 5.5 8.2 6.4 6.9 6.2 3.3 

AD6 Gentamicin (p) (J01GB03) 16.9 16.7 15.9 12.4 13.2 12.1 9.9 10.4 11.4 13.0 15.1 11.5 13.0 12.6 12.4 

AD60 Kanamycin (J01GB04) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD69 Neomycin (o) (J01GB05) 0.0 2.2 0.0 0.0 0.0 0.4 0.4 0.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 
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Application forms: p = parenteral, o = oral, kap = capsule, inh = inhalative.  
 
 
 

Variable name Label (ATC code)  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

AD23 Amikacin (p) (J01GB06) 2.4 0.8 1.0 0.8 0.7 0.5 0.4 0.6 0.9 0.3 0.6 0.1 0.2 0.2 0.2 

AD71 Netilmicin (p) (J01GB07) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

g21 Imidazolderivates (J01XD) 66.6 59.6 51.4 48.3 46.4 47.3 48.0 45.2 41.2 48.2 39.8 36.5 32.7 29.1 24.6 

AD65 Metronidazol (p) (J01XD01) 61.7 53.9 46.6 45.0 43.3 44.5 44.4 42.1 38.7 44.9 38.5 35.0 31.6 28.1 23.8 

AD91 Metronidazol (o) (J01XD01) 4.9 5.7 4.9 3.3 3.1 2.8 3.5 3.1 2.5 3.3 1.3 1.4 1.2 1.0 0.8 

AD127 Tinidazol (o) (J01XD02) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

g22 Other antibiotics (J01XX) 39.8 38.2 45.3 50.5 60.8 60.8 73.0 72.0 58.8 67.7 77.1 71.7 82.9 91.4 105.4 

AD57 Fosfomycin (p) (J01XX01) 6.2 4.7 8.1 9.4 13.4 4.4 9.6 11.1 9.4 11.6 8.9 12.4 11.4 16.5 19.3 

AD141 Fosfomycin (o) (J01XX01) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.2 0.4 0.5 0.8 1.0 

AD142 Nitroxolin (o) (J01XX07) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD111 Linezolid (p) (J01XX08) 27.2 23.8 28.0 33.0 33.3 43.7 40.8 39.1 30.8 37.1 44.3 40.0 45.3 48.9 51.9 

AD112 Linezolid (o) (J01XX08) 4.5 2.9 3.6 2.2 2.2 1.4 1.5 2.6 2.4 1.6 2.0 1.7 2.0 1.4 2.2 

AD126 Daptomycin (p) (J01XX09) 0.1 4.5 3.4 4.3 9.8 8.9 18.7 16.3 15.1 14.9 20.6 14.5 21.9 22.7 28.4 

AD90 Paromomycin (o) (A07AA06)) 2.0 2.3 2.1 1.7 1.9 2.1 1.8 2.4 1.3 1.2 0.4 0.4 0.5 0.5 0.1 

AD120 Taurolidin (o) (B05CA05) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD121 Atovaquon (o) (P01AX06) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

AD122 Nitrofurantoin (o) (J01XE01) 0.0 0.0 0.0 0.0 0.1 0.2 0.5 0.5 -0.1 0.8 0.7 2.3 1.3 0.6 2.5 
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Appendix V   
 
Pathogen rates of VRE. faecium and VRE. faecalis  

 
 
 
 
 
Resistance rates and resistance density of VRE. faecium and VRE. faecalis  

*Significance level of 5%; p=0.05 

 

Label  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Total E. faecium  1320 1406 1168 1223 1310 1509 1385 1624 1395 1534 1771 1819 1832 1780 1325 

Total resistant VRE. faecium 38 47 92 84 95 175 134 215 133 231 361 399 563 693 478 

Total tested E. faecium  1306 1384 1149 1211 1300 1495 1376 1613 1364 1503 1756 1804 1818 1773 1308 

Total E. faecalis  1707 1602 1360 1388 1313 1381 1620 1542 1245 1456 1559 1781 1510 1425 1064 

Total resistant VRE. faecalis 0 1 3 0 4 3 5 11 8 0 1 1 7 3 1 

Total tested E. faecalis  1682 1579 1337 1375 1291 1362 1539 1516 1209 1405 1542 1751 1480 1405 997 

Label  2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 trend  95% CI p* 

VRE. faecium per 100 E. faecalis (RR) 2.9 3.4 8.0 6.9 7.3 11.7 9.7 13.3 9.8 15.4 20.6 22.1 31.0 39.1 36.5 1.0174 1.015-1.019 <.0001 

VRE. faecalis per 100 E. faecium (RR) 0.0 0.1 0.2 0.0 0.3 0.2 0.3 0.7 0.7 0.0 0.1 0.1 0.5 0.2 0.1 1.0032 0.997-1.008 0.2236 

VRE. faecium /1000 patient days (RD) 0.18 0.23 0.49 0.43 0.49 0.86 0.56 0.91 0.66 1.07 1.58 1.79 2.55 3.29 2.61 1.0159 1.013-1.015 <.0001 

VRE. faecalis /1000 patient days (RD) 0.00 0.00 0.02 0.00 0.02 0.01 0.02 0.05 0.04 0.00 0.00 0.00 0.03 0.01 0.01 0.9979 0.997-1.007 0.2748 
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Appendix VI 
Univariable analysis of antibiotic application density (AD = DDDs / 1.000 patient days) AND RR of VRE. faecium 

 

*Significance level of 5%; p=0.05 

Variable (incl. ATC-Code) 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 trend 95%CI p* 

Beta-lactamase sensitive penicillin (J01CE) 23.0 20.0 17.2 19.4 20.2 18.7 18.3 15.1 23.0 26.4 22.9 20.7 23.8 26.1 25.5 1.002 0.99-1.00 0.46 

Broad-spectrum penicillin (J01CA) 100.9 103.4 81.6 89.2 66.6 60.7 47.5 33.6 36.5 38.9 39.6 64.4 57.7 60.0 65.6 0.998 0.99-1.00 0.601 

Beta-lactamase resistant penicillin (J01CF) 37.3 45.2 40.7 41.7 25.0 32.5 34.3 33.4 49.7 53.1 75.5 86.2 85.7 90.6 98.5 1.008 1.00-1.01 0.049 

Penicillin + lactamase inhibitors (J01CR) 157.6 160.2 145.2 135.9 160.9 193.8 227.1 262.8 267.8 276.4 273.0 284.4 328.6 354.3 353.0 1.005 1.00-1.01 0.036 

Cephalosporines (1st Generation) (J01DB) 39.2 32.8 28.5 34.1 28.6 35.5 38.1 35.3 36.7 33.5 32.2 35.4 40.2 40.9 37.0 0.991 0.97-1.00 0.186 

Cephalosporines (2nd generation) (J01DC) 93.6 97.9 95.3 95.3 92.9 92.7 88.4 89.7 74.0 93.5 71.8 62.3 46.7 44.0 36.6 0.986 0.97-0.99 0.007 

Cephalosporines (3rd generation) (J01DD) 124.0 111.8 111.6 122.6 117.7 115.1 109.2 98.8 91.2 99.3 92.1 99.3 83.3 81.6 75.6 0.996 0.99-1.00 0.295 

Cephalosporines (4th generation) (J01DE) 10.8 10.2 4.1 4.0 4.3 4.8 14.8 14.6 6.3 8.6 10.7 16.4 16.3 16.1 21.5 1.013 0.99-1.03 0.103 

Carbapenems (J01DH) 120.2 132.8 142.9 167.7 184.1 213.5 230.7 233.1 248.3 244.7 266.4 245.2 278.1 304.3 339.9 1.01 1.00-1.01 <.0001 

Monobactams (J01DF) 1.2 0.6 0.4 0.4 0.6 0.2 0.4 0.5 0.1 0.3 0.2 0.2 0.5 0.3 0.2 0.969 0.88-1.06 0.517 

Glycopeptides (J01XA) 40.3 37.9 36.2 45.6 61.5 54.3 56.6 59.2 62.4 58.2 64.7 58.6 64.1 77.2 89.3 1.019 1.00-1.03 0.005 

Fluoroquinolones (J01MA) 172.3 168.7 164.6 170.7 171.6 184.5 183.6 160.5 152.2 172.1 167.3 157.2 128.9 88.9 90.2 0.994 0.98-1.00 0.056 

Sulfonamides and trimethoprim (J01E) 17.1 19.8 26.0 24.5 22.5 20.3 34.4 33.5 42.6 44.6 42.3 37.6 33.2 32.7 31.9 1.006 0.99-1.01 0.075 

Tetracyclines (J01AA) 13.6 24.2 21.8 28.0 35.8 25.5 26.7 25.6 24.0 31.9 33.2 24.2 24.8 22.3 22.7 1.002 0.99-1.00 0.274 

Macrolides (J01FA) 74.7 83.1 89.1 106.4 107.9 111.4 105.8 109.9 99.8 113.8 91.6 90.3 89.0 82.9 92.5 1.00 0.99-1.00 0.862 

Aminoglycosides (J01G) 29.8 28.1 25.2 27.6 32.6 29.2 28.8 24.4 26.1 29.0 33.7 29.8 35.6 35.7 39.3 1.014 1.00-1.02 0.007 

Imidazolderivates (J01XD) 66.6 59.6 51.4 48.3 46.4 47.3 48.0 45.2 41.2 48.2 39.8 36.5 32.7 29.1 24.6 0.983 0.96-1.00 0.098 

Other antibiotics (J01XX) 39.8 38.2 45.3 50.5 60.8 60.8 73.0 72.0 58.8 67.7 77.1 71.7 82.9 91.4 105.4 1.013 1.00-1.02 0.0005 
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Univariable analysis of antibiotic application density (AD = DDDs / 1.000 patient days) AND RD of VRE. faecium 

 

*Significance level of 5%; p=0.05

Variable (incl. ATC-Code) 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 trend 95%CI p* 

Beta-lactamase sensitive penicillin (J01CE) 23.0 20.0 17.2 19.4 20.2 18.7 18.3 15.1 23.0 26.4 22.9 20.7 23.8 26.1 25.5 1.004 0.99-1.01 0.288 

Broad-spectrum penicillin (J01CA) 100.9 103.4 81.6 89.2 66.6 60.7 47.5 33.6 36.5 38.9 39.6 64.4 57.7 60.0 65.6 0.999 0.99-1.00 0.77 

Beta-lactamase resistant penicillin (J01CF) 37.3 45.2 40.7 41.7 25.0 32.5 34.3 33.4 49.7 53.1 75.5 86.2 85.7 90.6 98.5 1.004 0.99-1.01 0.083 

Penicillin + lactamase inhibitors (J01CR) 157.6 160.2 145.2 135.9 160.9 193.8 227.1 262.8 267.8 276.4 273.0 284.4 328.6 354.3 353.0 1.005 1.00-1.00 0.0029 

Cephalosporines (1st Generation) (J01DB) 39.2 32.8 28.5 34.1 28.6 35.5 38.1 35.3 36.7 33.5 32.2 35.4 40.2 40.9 37.0 0.998 0.98-1.01 0.784 

Cephalosporines (2nd generation) (J01DC) 93.6 97.9 95.3 95.3 92.9 92.7 88.4 89.7 74.0 93.5 71.8 62.3 46.7 44.0 36.6 0.989 0.98-0.99 0.016 

Cephalosporines (3rd generation) (J01DD) 124.0 111.8 111.6 122.6 117.7 115.1 109.2 98.8 91.2 99.3 92.1 99.3 83.3 81.6 75.6 0.997 0.99-1.00 0.332 

Cephalosporines (4th generation) (J01DE) 10.8 10.2 4.1 4.0 4.3 4.8 14.8 14.6 6.3 8.6 10.7 16.4 16.3 16.1 21.5 1.01 0.99-1.02 0.142 

Carbapenems (J01DH) 120.2 132.8 142.9 167.7 184.1 213.5 230.7 233.1 248.3 244.7 266.4 245.2 278.1 304.3 339.9 1.013 1.00-1.01 <.0001 

Monobactams (J01DF) 1.2 0.6 0.4 0.4 0.6 0.2 0.4 0.5 0.1 0.3 0.2 0.2 0.5 0.3 0.2 0.94 0.85-1.03 0.20 

Glycopeptides (J01XA) 40.3 37.9 36.2 45.6 61.5 54.3 56.6 59.2 62.4 58.2 64.7 58.6 64.1 77.2 89.3 1.02 1.01-1.02 <.0001 

Fluoroquinolones (J01MA) 172.3 168.7 164.6 170.7 171.6 184.5 183.6 160.5 152.2 172.1 167.3 157.2 128.9 88.9 90.2 0.996 0.99-1.00 0.08 

Sulfonamides and trimethoprim (J01E) 17.1 19.8 26.0 24.5 22.5 20.3 34.4 33.5 42.6 44.6 42.3 37.6 33.2 32.7 31.9 1.003 0.99-1.01 0.264 

Tetracyclines (J01AA) 13.6 24.2 21.8 28.0 35.8 25.5 26.7 25.6 24.0 31.9 33.2 24.2 24.8 22.3 22.7 1.01 1.00-1.01 <.0001 

Macrolides (J01FA) 74.7 83.1 89.1 106.4 107.9 111.4 105.8 109.9 99.8 113.8 91.6 90.3 89.0 82.9 92.5 1.002 0.99-1.00 0.302 

Aminoglycosides (J01G) 29.8 28.1 25.2 27.6 32.6 29.2 28.8 24.4 26.1 29.0 33.7 29.8 35.6 35.7 39.3 1.014 1.00-1.02 <.0001 

Imidazolderivates (J01XD) 66.6 59.6 51.4 48.3 46.4 47.3 48.0 45.2 41.2 48.2 39.8 36.5 32.7 29.1 24.6 1.01 0.99-1.02 0.109 

Other antibiotics (J01XX) 39.8 38.2 45.3 50.5 60.8 60.8 73.0 72.0 58.8 67.7 77.1 71.7 82.9 91.4 105.4 1.021 1.01-1.02 <.0001 
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Appendix VII 
 
Extensive Output of multivariate GLM of RR, RD of VRE and VSE in correlation to 
AD (incl. confounders)   
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Extensive Output of univariate GLM of RR, RD of VRE and VSE in correlation to AD  
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Extensive Output of univariate GLM of RR, RD of VRE and VSE in correlation to AD  
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