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ABSTRACT 
As the burden of antimicrobial resistance (AMR) is continuously increasing, reliable and 
reproducible data and data analysis are of utmost importance. Conducting AMR data analysis 
is challenging since it requires (1) a thorough understanding of (clinical) epidemiology; (2) 
expertise in (clinical) microbiology and infectious diseases; (3) experience in microbiological 
data analysis; (4) availability of reference data, such as the biological taxonomy of 
microorganisms and defined daily doses (DDD) for antimicrobials; and (5) availability of 
(inter-)national guidelines and software methods to apply them. Furthermore, data stored in 
laboratory information systems lack the right structure, (inter-) national guidelines for 
interpreting raw laboratory test results cannot be easily applied, and scientifically reliable 
reference data about microorganisms and antimicrobial agents are not readily available. To fill 
this gap, we developed a free, independent, and open-source software solution to cover all 
those aspects of working with AMR data. The AMR package for R enables AMR data analysis 
for research and clinical workflows alike. Through an online survey package users reported 
more reproducibility of analysis results (83%), more reliable outcomes of AMR analyses (72%), 
and new or improved insight into AMR patterns (61%). The AMR package was also used to 
support clinical decision-making (44%) and for clinical research (28%). Our first insights into 
the usage and the usability of the AMR package confirm that this package is fulfilling its 
intended aim, as regional, national, and international organisations already use the package to 
support clinical decision-making in infection management. The flexible open-source design 
also enables rapid integration of updated guidelines (e.g., new EUCAST breakpoints) and 
setting-specific adaptations are encouraged. Together, the AMR package for R can thus 
empower any specialist in the field working with AMR data by providing a comprehensive 
toolbox of solutions for AMR data analyses. 
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3.1. BACKGROUND 
As the burden of antimicrobial resistance (AMR) is continuously increasing, surveillance 
programs with reliable and reproducible data and data analysis methods are of utmost 
importance for controlling and streamlining efforts to curb AMR [1,2]. To guide these efforts 
and to support clinical decision-making and infection-control interventions, AMR data 
analysis has to be conducted in a clinically and epidemiologically sensible way [3]. Conducting 
AMR data analysis is challenging since it requires (1) a thorough understanding of (clinical) 
epidemiology; (2) expertise in (clinical) microbiology and infectious diseases; (3) experience in 
microbiological data analysis; (4) availability of reference data, such as the biological taxonomy 
of microorganisms and defined daily doses (DDD) for antimicrobials; and (5) availability of 
(inter-)national guidelines and software methods to apply them.  

Moreover, AMR data analysis is often also hindered by three key aspects. Firstly, data stored 
in microbiological laboratory information systems (LIS) are typically not readily suitable for 
(epidemiological) data analyses. LIS were initially designed to fit result registration and billing 
purposes rather than AMR data analysis. Consequently, fundamental requirements for 
(epidemiological) data analyses are often lacking, such as isolate selection criteria, phenotypic 
determination of (multi-)drug resistance, and the ability to extract data for analysis in an 
automated, structured, fast, and reliable way. Moreover, data analyses that require data from 
multiple LIS sources (e.g., in multi-centre studies) face major barriers in data aggregation 
which, to the best of our knowledge, cannot be solved by currently available commercial 
software solutions. Besides, as applications of artificial intelligence are expected of being 
increasingly developed in the coming years, also in clinical microbiology, microbiological data 
technologies and structures need to become compatible for these future applications. 

Secondly, AMR data analysis depends on (inter-)national standards and guidelines for the 
interpretation of raw laboratory measurements and the reporting of AMR results. In Europe, 
guidelines from the European Committee on Antimicrobial Susceptibility Testing (EUCAST) 
are the predominantly implemented set of rules in clinical microbiological laboratories [4,5]. LIS 
need to be well-maintained to be able to integrate continuous guideline updates. In our 
experience, this maintenance can often not be guaranteed and depends on the availability of 
local or external software support services. This is further hindered by the current distribution 
of manually formatted guidelines in Microsoft Excel and Portable Document Format (PDF) 
formats that are not often readily machine-readable. LIS maintainers, in collaboration with 
clinical staff, are therefore forced to manually implement updated guidelines which can be 
time-consuming and error-prone  

Thirdly, reliable AMR data analysis depends on taxonomic reference data to interpret raw LIS 
data using AMR interpretation guidelines, such as EUCAST Expert Rules and EUCAST 
Clinical Breakpoints [5,6]. Unfortunately, typical LIS contain local, static taxonomic data. We 
found that these data are often poorly maintained. We collected the taxonomic names of 
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bacteria used in clinical reports from seven different public health institutions in the 
Netherlands which cover microbiological diagnostics in hospitals and primary care for 15% of 
the total Dutch population. The taxonomic names were compared to publicly available and 
authoritative reference databases; the Catalogue of Life and the List of Prokaryotic names with 
Standing in Nomenclature (LPSN, previously known as the Deutsche Sammlung von 
Mikroorganismen und Zellkulturen, DSMZ) [7,8]. We found that all participating institutions 
reported taxonomic names in clinical reports that did not match current taxonomic standards 
according to reference databases. For example, Enterobacter aerogenes and Enterobacter massiliensis 
were renamed Klebsiella aerogenes and Metakosakonia massiliensis respectively in 2017 [9,10]. LIS that 
are not kept up to date are consequently not entirely compatible with recent interpretation 
guidelines. Given that AMR guidelines are strongly based on the microbial taxonomy (some 
rules only apply to a specific genus, other rules apply to a specific family) it is crucial that this 
information is correct and kept up to date. In the studied institutions, the lag between the 
reported taxonomic names and the taxonomic standard was up to 41 years as of March 2021. 

3.2. STANDARDISING AMR DATA ANALYSIS 
Previously, no dedicated software solution was available to address all aforementioned aspects. 
To fill this gap, we developed a free, independent, and open-source software solution to cover 
all those aspects of working with AMR data. The AMR package for R [11] provides 
functionalities that enable standardised and reproducible workflows from any raw LIS data to 
results ready to publish, for research and clinical workflows alike. The AMR package for R 
was developed with a team of contributors from 12 public health organisations in seven 
countries aiming to be used in any research or clinical setting where (epidemiological) data 
analysis of microorganisms, AMR, or antimicrobial agents is required. It is independent of any 
other software solution and was designed to work in any setting, including those with limited 
computational and financial resources. 

With this AMR package, we aimed at providing: (1) tools to simplify AMR data cleaning, 
transformation, and analysis; (2) methods to easily incorporate (inter)national guidelines; and 
(3) scientifically reliable reference data, including the aforementioned aspects. The AMR 
package enables standardised and reproducible AMR data analysis with the application of 
evidence-based rules (e.g., EUCAST expert rules for intrinsic resistance), the selection of first 
isolates, the translation of various codes for microorganisms and antimicrobial agents, 
determination of (multi-)drug-resistant microorganisms, and the calculation of antimicrobial 
resistance rates, prevalence, and future trends. The AMR package supports all EUCAST 
MIC/disk diffusion interpretation guidelines from 2011 until 2021 and EUCAST Expert rules 
versions 3.1 (2016) and 3.2 (2020) [12,13] In addition, the AMR package supports all CLSI 
MIC/disk diffusion interpretation guidelines from 2011 until 2019 (non-veterinary only). For 
all mentioned guidelines, files readable for LIS are provided for easy implementation. 
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As of 30 April 2021, the AMR package for R has been downloaded from 162 countries since 
its first release in early 2018 (Figure 1), according to data from a popular public repository 
where users can download R packages. After 19 releases, the median number of downloads 
per release is 2,548 (range: 269-5,050). 

 

 

Figure 1. Countries (grey, n = 162) with registered downloads of the AMR package for R between March 2018 
and April 2021. Sources: cran.rstudio.org and cloud.r-project.org. 

A technical validation of the AMR package has been accepted for publication [11]. Additionally, 
it has been clinically and epidemiologically validated in a tertiary care hospital and across seven 
clinical microbiology laboratories in the Netherlands [Berends et al., unpublished, see chapter 6 and 7 of this thesis]. 
Moreover, the AMR package has already been used in several scientific publications that 
focused on different aspects in the field of AMR [14–17].  

3.3. COMPARISON WITH EXISTING SOFTWARE METHODS 
Popular statistical software such as SPSS, Stata and SAS, focus on a broad implementation of 
statistical functions but are proprietary software, disallowing users to freely use, modify, or 
share the software. This also prohibits extending the software by unaffiliated developers. Since 
R is free, open software and extendible, users and developers can contribute to the software, 
to which end the AMR package is a practical example.  

Other free software alternatives for AMR data analysis exist, for example WHONET, a free 
microbiology laboratory database software supported by the WHO [18]. WHONET allows 
manual data entry from LIS reports and provides AMR interpretation using recent CLSI and 
EUCAST guidelines with a particular focus on AMR surveillance. Results from WHONET 
can also be shared to surveillance programs such as the European Antimicrobial Resistance 
Surveillance Network (EARS-Net) and the WHO Global Antimicrobial Resistance 
Surveillance System (GLASS). Yet, the latest release, WHONET 2020, does not provide tools 

https://cran.rstudio.org/
https://cloud.r-project.org/


562813-L-bw-Berends562813-L-bw-Berends562813-L-bw-Berends562813-L-bw-Berends
Processed on: 12-7-2021Processed on: 12-7-2021Processed on: 12-7-2021Processed on: 12-7-2021 PDF page: 52PDF page: 52PDF page: 52PDF page: 52

  

50 

for cleaning and transforming data and relies on outdated EUCAST guidelines. Furthermore, 
we found a lag between the included taxonomic database and the current taxonomic standard 
of up to 59 years (median 7 years). Another alternative of a free software program is Epi Info 
which is provided by the United States Centers for Disease Control and Prevention (CDC) 
and aims at public health practitioners and researchers [19]. While Epi Info provides statistical 
and epidemiological methods for analysing data, it does not offer tools nor reference data for 
working with AMR test results or antimicrobial drugs, thus, ruling out the option for dedicated 
AMR data analysis. With the AMR package for R, an open and dedicated software solution is 
available that covers all aspects of working with AMR data. 

3.4. USER FEEDBACK 
In July 2020, we published a survey on the website created for this package 
(https://msberends.github.io/AMR) to seek voluntary feedback from package users about 
user backgrounds and usage of the AMR package. Until December 2020, 18 participants 
completed the survey. Participants have used the AMR package in Australia, Colombia, Egypt, 
France, Germany, Haiti, India, Mali, Mexico, the Netherlands, Nigeria, Philippines, Spain, 
Sweden, and the United Kingdom.  

Participants were asked to rate their experience in the statistical programming language R and 
in using the AMR package on a scale from 1 (not experienced/useful) to 10 (very 
experienced/useful). The overall experience in R was reported with a median of 7 (range: 4-
9)., whereas Ssuit ability for AMR analyses using the AMR package was rated with a median 
of 9 (range: 6-9). The participants rated the usefulness of the AMR package for their work 
with a median of 9 (range: 5-9). The convenience of the included software functions was rated 
with a median of 8 (range: 6-9) and the documentation of the AMR package was rated with a 
median of 8.5 (range: 7-10). Of all participants, 83% reported more reproducibility of analysis 
results and, 72% reported more reliable outcomes of AMR analyses (Figure 2). Notably, 61% 
reported new or improved insight into AMR for their institution or region. The AMR package 
was also used to support clinical decision-making (44%) and for clinical research (28%). 
Furthermore, 66% reported a faster and streamlined analysis workflow and 39% reported 
improved communicating analysis results. In 33%, participants started using R more often 
because of the capabilities that the AMR package provides. 

https://msberends.github.io/AMR
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Figure 2. The outcome of the survey amongst 18 participants. MIC: minimal inhibitory concentration, MDRO: 
multidrug-resistant organism, SNOMED: Systematised Nomenclature of Medicine. 

Aside from AMR data analysis, most participants (78%) used the AMR package as a reference 
for the taxonomy of microorganisms. It was also regularly used for interpreting raw MIC and 
disk diffusion values (56%) and applying EUCAST expert rules (67%). This is in line with the 
original aims of the AMR package development. 

3.5. CONCLUSION 
AMR data analysis is dependent on (inter-)national guidelines and reliable (reference) data on 
the one hand but constrained by diverse and often inadequate data analysis tools and poor 
data quality on the other. We aimed to address these dependencies and constraints by 
introducing the AMR package for R for standardised and reproducible AMR data analyses. 
Our first insights into the usage and the usability of the AMR package confirm that this 
package is fulfilling its intended aim. Regional, national, and international organisations already 
use the AMR package to support clinical decision-making in infection management by gaining 
new or improved insights into resistance levels. We invite others to make use of our open-
source approach and adapt it to their needs. The advantages of sharing open-source software 
such as the AMR package allow for a collaborative, transparent use and further development 
that can lead to more standardised analysis processes for AMR data. The flexible open-source 
design also enables rapid integration of updated guidelines (e.g., new EUCAST breakpoints), 
and setting-specific adaptations are encouraged. Together, the AMR package for R can thus 
empower any specialist in the field working with AMR data by providing a comprehensive 
toolbox of solutions for AMR data analysis.  
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