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ARTICLE INFO ABSTRACT

Handling Editor: Frederic Coulon The global health crisis posed by increasing antimicrobial resistance (AMR) implicitly requires solutions based a

One Health approach, yet multisectoral, multidisciplinary research on AMR is rare and huge knowledge gaps

Keywords: exist to guide integrated action. This is partly because a comprehensive survey of past research activity has never
gm“:“;’t}’llal resistance performed due to the massive scale and diversity of published information. Here we compiled 254,738 articles on
ne Healt!

AMR using Artificial Intelligence (AI; i.e., Natural Language Processing, NLP) methods to create a database and
information retrieval system for knowledge extraction on research perfomed over the last 20 years. Global maps
were created that describe regional, methodological, and sectoral AMR research activities that confirm limited
intersectoral research has been performed, which is key to guiding science-informed policy solutions to AMR,
especially in low-income countries (LICs). Further, we show greater harmonisation in research methods across
sectors and regions is urgently needed. For example, differences in analytical methods used among sectors in
AMR research, such as employing culture-based versus genomic methods, results in poor communication be-
tween sectors and partially explains why One Health-based solutions are not ensuing. Therefore, our analysis
suggest that performing culture-based and genomic AMR analysis in tandem in all sectors is crucial for data
integration and holistic One Health solutions. Finally, increased investment in capacity development in LICs
should be prioritised as they are places where the AMR burden is often greatest. Our open-access database and Al
methodology can be used to further develop, disseminate, and create new tools and practices for AMR knowledge
and information sharing.

Natural language processing
Artificial intelligence
Methods harmonization

1. Introduction

The threat of antimicrobial resistance (AMR) to global health is
exemplified by progressively increasing infection rates by AMR-carrying
bacterial pathogens, creating substantial human, animal, food supply,
environmental, and socioeconomic burdens (World Health Organiza-
tion, 2016). An estimated 1.27 million deaths directly attributed to AMR
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were seen in 2019 (Murray et al., 2022) and total annual deaths may
exceed 10 million by 2050 (O’Neill, 2014). Furthermore, AMR impacts
worktime and productivity (Alan Krupnick, 2020) with an estimated 3.5
million additional sick days per year due to waterborne AMR alone,
costing $300 million yearly (World Economic Forum, 2021). Growing
AMR encompasses the dissemination of antibiotic resistance bacteria
(ARB) and antibiotic resistance genes (ARGs) as well as resistance to
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fungal, viral and other microorganisms (Larsson and Flach, 2022).
Bacterial pathogens, which is the focus here, can develop AMR through
mutations or acquisition of ARGs from other bacteria (Collignon et al.,
2018). ARB are natural, existing widely across nature in both pathogenic
and commensal strains, but readily cross boundaries in host organisms
(human beings or animals) and between environments (Berendonk
etal., 2015). However, new ARB and ARGs are increasing, largely due to
anthopogenic activity that has accelerated microbial evolution, and ARB
and ARGs are spreading across sectors and over regions, being trans-
mitted via different vectors (Kumarasamy et al., 2010; Liu et al., 2016).
This is why solutions to AMR using One Health approach are critical.

The concept of One Health is holistic and interdisciplinary, grounded
in the idea that the well-being of humans, domestic and wild animals,
plants, and the broader environment (including ecosystems) is intri-
cately interconnected and interdependent (World Health Organization,
Food and Agriculture Organization of the United Nations, World Orga-
nisation for Animal Health, United Nations Environment Programme,
2023). In accordance with the One Health concept, addressing the
challenge of AMR necessitates assessments of AMR “hotspots” and
“background” conditions to determine true burdens across regions and
sectors (Hernando-Amado et al., 2019). Originating in the early 2000s,
the One Health approach recognises the interconnectedness of humans,
animals, and the environment (Lee and Brumme, 2012). In 2010, the
World Health Organization (WHO), the World Organization for Animal
Health (WOAH), and the Food and Agricultural Organization of the
United Nations (FAO) started an alliance to address the close coopera-
tion to mitigate the global health challenges of One Health, known as the
Tripartite (Food and Agriculture Organization of the United Nations,
World Organization for Animal Health, World Health Organization,
2010). However, in 2022, the United Nations Environment Programme
(UNEP) was included in the collaboration and formalized as the new
Quadripartite group, enabling the new One Health Joint Plan of Action
(2022-2026) for addressing global health threats across sectors
encompassing human health, animal health, plant health, food systems,
and the environment (World Health Organization, Food and Agriculture
Organization of the United Nations, World Organisation for Animal
Health, United Nations Environment Programme, 2022). The new joint
action plan for One Health places AMR within wider considerations
between human health and ecosystems, requiring integrating more
empirical evidence to guide future AMR monitoring and surveillance.

Direct or potential pathways that disseminate AMR have been widely
reported in studies (Chen et al., 2016; Qiao et al., 2018; Manaia, 2017).
ARB that can colonize and proliferate in humans and ARGs can directly
transmit from the environment (e.g., air, water, or soil), animals (e.g.,
companion animals), or agricultural products to humans (Manaia, 2017;
Allel et al., 2023; Zhou et al., 2023). Also, healthcare, community, and
animal waste effluents and other pollutant pathways (e.g., microplastics,
solid waste leachates, urban runoff etc.) can mediate ARB transfer and
retention in the environment, increasing the possibility of evolution and
horizontal gene transfer, and the selection of new AMR genes and strains
in any location (Berendonk et al., 2015; Zhou et al., 2023; Liguori et al.,
2022; Hu et al., 2022).

In parallel, complex but interlinked socioeconomic factors also
impact the emergence, transmission, and spread of AMR (e.g., the
quality of healthcare systems, the quality of water, sanitation, and hy-
giene (WASH) infrastructure), particularly in LICs and lower-middle-
income countries (LMICs) — places where population sizes and the de-
mand for antibiotics is increasing (Allel et al., 2023); but where intra-
structure for environmental protection is lagging behind (Graham et al.,
2019). It is estimated that LMICs have the highest AMR infection burden
(Murray et al., 2022) and some ARGs, such as blaypy.; and mcr-1, appear
to have emerged and spread from LMICs (Kumarasamy et al., 2010; Liu
et al., 2016). Within this context, it is urgent that human, animal, plant,
agri-food, and ecosystem conditions be investigated relative to AMR in a
more holistic manner, including defining the current status and
knowledge gaps, essential for future AMR surveillance across sectors and
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regions. However, previous studies have often focused on sector or
region-specific work, not work aimed at developing solutions to AMR at
global scales.

One of the main problems is that the breadth of previous studies and
data are massive, and create solutions we need better methods for
integrating knowledge, increasing the value of past AMR research and
prioritizing new activities. Al technologies (including NLP, Large Lan-
guage Models (LLM), etc.) are now needed to effectively synthesize
evidence, gather information, and mine data and text, enabling a semi-
automated way to comprehend the rapidly growing research, which is
reflected by peer-reviewed publications over time (Berrang-Ford et al.,
2021; Nunez-Mir et al., 2016). NLP represents an interdisciplinary
domain positioned at the convergence of Al and linguistics, aiming to
empower computational systems to comprehend and analyze statements
or lexical units articulated in human languages, enabling the execution
of functional operations (Jurafsky and Martin, 2000). This multifaceted
field spans a broad spectrum of methodologies within the realm of sci-
entific literature analysis. These methodologies encompass various
techniques, including topic modeling (Berrang-Ford et al., 2021; Sietsma
et al., 2024), text summarization (Awasthi et al., 2021); and information
extraction (Dagdelen et al., 2024; Tshitoyan et al., 2019; Krallinger
et al., 2017), contributing to the comprehensive exploration and inter-
pretation of scientific literature (Hirschberg and Manning, 2015).

Here we provide a powerful new tool and database for examining
research over time, which considers 254,738 AMR publications from
178 sampling countries for between 2003 and 2023. Based on the
database, we used NLP to systematically harvest and sort global AMR
research and distill knowledge and information. Comprehensive global
maps of AMR research are provided, including extensive detail on pre-
vious work performed on AMR pathogens, ARGs, and existing AMR
surveillance methodologies around world. This is essential information
needed to guide solutions to AMR based on a One Health approach.

2. Materials and methods
2.1. Search strategy and literature download

The overall search and screening strategy for our NLP-based
analytical framework is presented in Fig. 1. Existing peer-reviewed
manuscripts in Scopus were first archived and searched using a
comprehensive strategy detailed in the Supporting Information (SI).
Briefly, inclusion of documents in our “AMR database” was based on
titles, keywords, or abstracts that contained “antimicrobial resistance”
and related alliance or abbreviations (Chau et al., 2022). Our searches
were restricted to the 20 years from 2003 to 2023 and published in the
English language. Books (whole books or chapters), letters, notes, con-
ference papers, editorials, and errata were not included (i.e., sources
with unknown levels of peer review). After deduplication, information
from 254,738 publications was downloaded and archived based on the
title, keywords, abstract, DOIL, etc. A complete downloaded list is pro-
vided in additional file. All the HTML files were fetched and parsed into
sub-components (e.g., title, authors, abstracts, and keywords) by
analyzing ElementTree with package Ixml in Python (Behnel and Mar-
tijn, 2005).

2.2. NLP and the optimized search system

NLP was utilized to convert the texts into numeric information ac-
cording to the frequency distribution of words. The NLP processing
pipeline in this study contains four steps: tokenization, part-of-speech
(POS) tagging, lemmatization, and noun phrase extraction. Tokeniza-
tion splits the text into meaningful segments non-destructively. After
tokenization, POS tagging was compiled to analyze the content in the
abstracts by a pre-trained transformer-based artificial intelligence model
(Matsuo, 2023). Verbs, nouns, and adjectives were analysed by parsing
and making predictions based on both definitions and contexts.
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Fig. 1. NLP-based framework. The framework contains three parts: dataset acquisition, database evaluation and filtration, and NLP-based information extraction.

Lemmatization converted each word into its root form, including tense
(e.g., converted “found”/“finds” into “find”), complex number (e.g.,
converted “genes” into “gene”), and other grammatical factors. Noun
phrases, alias and abbreviation from abstracts was identified and
extracted by R package Spacyr (version 1.2.1) (Matsuo, 2023). Detailed
extraction procedure was based on the retrieval system and search
strategies, which were provided on the following contents.

2.3. Construction of information retrieval system and complex search
approach

After normalizing the text data in the database by NLP, inverted
indexes were built for each noun phrase to construct an efficient infor-
mation retrieval system. The inverted index data structure allows
searching for large volumes of text in the origin documents, and it works
by mapping each individual information point (i.e., term, noun phrases
or named entity) to the publications in which it occurs. We used Hash-
Map to store inverted index, the detailed guidance for users is provided
in the user manual.

When profiling AMR research, search “restricts” are sometimes
needed to avoid the time delay of simple grid search. We designed the
complex search strategies in this study, which could be divided into the
following three simple Boolean queries:

Conjunction query: the intersection operation to the two index lists
in inverted index. (e.g., searching results for all documents con-
taining both mecA and Escherichia coli equal to the intersection of
indexes of mecA and E. coli);

Disconjuction query: the union operation to the two index lists in
inverted index. (e.g., searching results for all documents containing
either Escherichia coli or E. coli, equal to the union of indexes of
Escherichia coli and E. coli);

Negation query: the complement operation to the index list in the
inverted index. (e.g., searching results for all documents excluding
E. coli equal to the complement of index of E. coli).

2.4. Text mining and literature categorizing

Text mining was used to extract the information of research country,
ARB, and ARGs, and the literature was categorized into different One
Health sectors. Additionally, the combination of AMR research terms
was extracted by the complex search as above mentioned.

The process was as follows. First, a pre-trained Named-Entity
Recognition (NER) model (Matsuo, 2023) was constructed to identify
research countries — the named entities — in the abstracts of database. We
constructed a country list containing 211 countries with their corre-
sponding synonyms and abbreviations, and 172 research countries (i.e.,

possible sampling countries or surveillance countries in AMR research)
were recognized. Income level and region of each country was down-
loaded from the world bank website (The World Bank Group, 2022).
Grey literature that reports recent guidance on AMR priorities then
was reviewed to identify the primary pathogen lists of different coun-
tries from websites of WHO, the European Centre for Disease Prevention
and Control, the US Centers for Disease Control and Prevention, the
Australian Commission on Safety and Quality in Health Care, and the
Japan Nosocomial Infections Surveillance, etc. We used The Compre-
hensive Antibiotic Resistance Database (CARD; card.mcmaster.ca) to
download the list of ARGs (Alcock et al., 2023). Based on the new One
Health Joint Plan of Action (2022-2026), we established a broad list
related to human health, plant health, animal health, environment, and
food systems to comprehensively understand the research status of ARB
and ARGs. The definitions and Semantic “term” lists for One Health
sectors were provided in Supplementary Materials (User Manual).

2.5. Screening and validation

Screening and validation of the data from our 254,738 selected
publications was performed manually, underpinned by statistical anal-
ysis. This was needed because we recognise that the title, keywords and-
or abstract of a given manuscript may reflect its true content (results
shown in Fig. 2A). Therefore, 3,000 papers were randomly sub-selected
from the database and manually verified (World Health Organization,
2016) that an article actually was AMR research and (Murray et al.,
2022) how the article should be categorized into the One Health sectors.
Through this step, each article got an identification score (0 for false and
1 for true) about their relevance and correctly belonging in a category.
The manual scores then were compared with the predicted score to
validate the accuracy of Al-based identification.

Two reviewers (Cai Chen and Shu-Le Li) separately screened all ti-
tles, abstracts, and full texts. Any disagreement on a specific manuscript
for inclusion or exclusion was resolved by a senior researcher (Yong-
Guan Zhu). As for Al-based identification, all predicted scores of
whether the article was related to AMR research is defined as 1; and all
predicted scores of which category or categories the article belongs to
are calculated by the presence of AMR words in the abstracts. The
quantification methods (Sokolova and Lapalme, 2009; Powers, 2011)
and results of bias level in the Al classification results are provided in
Tables S1-S3. All subsequent data analysis below is based upon the
literature database.

3. Results

The NLP AI methodology presented here efficiently and accurately
distilled knowledge from the massive available literature (Tables S2 and
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Fig. 2. Descriptive summary of publications on AMR. (A) The initial number of publications in the database (254,738), the number of publications by manually
screened (3,000), and the number of publications after filtration (220,798). (B) The trend of publication numbers from 2003 to 2022. The publications number of
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S3). The searching system took about 0.6 microseconds to extract all
related literature for a specific topic, regardless of whether the topic
contained a single word or complex combinations of words. Based on
our manual assessment of the 3,000 trial papers, the NLP-based model
correctly categorized 97.4 % of the papers for AMR and 98.5 % ac-
cording to One Health sector.

Preliminary examination of the database show that AMR research, as
reflected by AMR publications, is growing quickly (Fig. 2B). In 2022,
there were 20,519 relevant manuscripts included in the database — 4.86
times more than in 2003 — with the publications growing on average by
8.68 % per year. However, rates of publication from 2018 to 2022 have
dramatically increased, growing annualy by 10.49 %.

Using NER methods, we detected identified country names
mentioned in abstracts, providing a comprehensive survey of AMR
publications and associated research across the globe (Fig. 2C and
Fig. 2D). Highlights are as follows. 27,897 (44.8 %) of 62,270 studies
including sampling for AMR in high-income countries (HICs), which as
almost double that of LMICs and nearly 14 times greater than in LICs.
The number of publications from LMICs was close to those from upper-
middle-income countries (UMICs).

Publications on AMR displayed large regional differences. The
number of publications in East Asia and Pacific (15,746) was close to
Europe and Central Asia (16,865), with the Asian and Pacific manu-
scripts being largely driven by publications from China (close to 40 %).
Latin America & Caribbean had lowest number of publications, with
only 4,744 in total. In North America, the number of publications was
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6,235, which was dominated by the United States — more than 84 % of
the regional publcations (5,243).

3.1. Pathogens studied across regions and income levels

The resulting pathogens ranked by occurrence frequency in different
regions (categorized by region, and income level) are shown in Table 1.
Information categorized by country and year can be found in
Tables S4-S11. E. coli, Staphylococcus aureus, Pseudomonas aeruginosa,
Salmonella spp., and Klebsiella pneumoniae were the top five reported
pathogens across all publications. The Europe and Central Asia region
had the highest overall number of publications, i.e., more than half of
the pathogens reported in Table 1 are from Europe or Central Asia.

Conversely, the Latin America and the Caribbean region had far
fewer publications related to pathogens than other regions — almost all
types of pathogens were studied much less than other countries. Publi-
cations related to pathogens in North America were about 38.3 % of
publications in Europe and Central Asia region (shown in Table 1).
However, each region had specific pathogens more commonly studied.
Salmonella spp., Acinetobacter spp., Shigella spp., and Neisseria gonor-
rhoeae were more often studied in East Asia and the Pacific compared
with other regions. South Asia had the highest number of publications
related to Salmonella typhi. Shigella spp. also was predominant in pub-
lications from South Asia.

The countries were categorized by income level and significant
income-related effect was observed - the publications related to

Table 1
Occurrence of human bacterial pathogens in different countries categorized by region and income level, ordered in terms of frequency of occurrence.
East Asia & Europe & Latin America & Middle East & North South Sub-Saharan HIC LIC LMIC UMIC
the Pacific Central Asia the Caribbean North Africa America Asia Africa
Escherichia coli 1122 1321 336 783 456 666 564 2102 176 1666 1304
Staphylococcus aureus 790 1068 276 723 455 514 666 1764 215 1504 1009
Salmonella spp. 1015 951 372 424 527 600 518 1737 170 1338 1162
Klebsiella pneumoniae 812 817 243 563 229 401 298 1268 109 1006 980
Acinetobacter spp. 755 734 228 601 255 350 171 1216 76 867 935
Pseudomonas 533 797 193 592 327 341 261 1290 64 1000 690
aeruginosa
Enterobacter spp. 363 418 113 240 145 199 156 667 48 498 421
Acinetobacter 413 380 111 369 129 130 70 632 29 436 505
baumannii
Mycobacterium 370 307 185 125 63 247 297 345 117 516 616
tuberculosis
Streptococcus 318 488 101 147 225 81 150 840 60 293 317
pneumoniae
Proteus spp. 153 282 58 175 70 143 163 379 52 371 242
Campylobacter spp. 201 301 71 80 149 51 80 527 19 177 210
Shigella spp. 209 106 60 119 55 183 125 221 50 390 196
Enterococcus faecium 158 266 40 90 116 40 35 438 6 129 172
Enterococcus faecalis 159 220 44 91 87 52 43 357 5 149 185
Haemophilus influenzae 155 224 41 45 102 32 66 402 23 108 132
Neisseria gonorrhoeae 178 152 26 16 97 28 41 335 11 69 123
Staphylococcus 97 142 42 83 52 30 79 215 19 154 137
epidermidis
Proteus mirabilis 96 147 37 82 40 38 47 212 12 134 129
Enterobacter cloacae 122 120 40 69 37 42 35 198 11 122 134
Helicobacter pylori 166 128 33 78 17 27 16 226 4 112 123
Serratia spp. 80 141 51 60 39 38 50 207 13 111 128
Salmonella typhi 54 34 8 25 5 211 77 48 16 298 52
Streptococcus pyogenes 50 121 21 31 41 22 25 190 10 50 61
Streptococcus 80 73 35 31 24 9 24 121 8 45 102
agalactiae
Serratia marcescens 41 70 23 31 19 15 21 105 4 51 60
Klebsiella oxytoca 46 71 17 27 22 14 22 104 9 50 56
Stenotrophomonas 61 60 13 23 31 17 9 110 7 35 62
maltophilia
Vibrio cholerae 43 12 22 13 4 85 25 21 10 129 44
Providencia spp. 33 42 19 32 17 20 18 69 4 56 52
Morganella spp. 31 48 11 26 9 14 12 73 2 41 35
Enterobacter aerogenes 29 43 13 22 14 10 13 64 2 35 43
Clostridioides difficile 23 25 6 13 17 3 6 62 0 13 18
Salmonella paratyphi 13 7 1 6 0 55 5 13 1 64 9
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pathogens in LICs were only 10.8 % of other regions on average. LICs
had fewer publications on all types of pathogens with some pathogens
not appearing in LIC publications, such as Clostridioides difficile.

Conversely, almost all types of pathogens more common in publi-
cations from HICs compared with LMICs and UMICs. The exceptions are
for Mycobacterium tuberculosis, Shigella spp., S. typhi, Vibrio cholerae, and
Salmonella paratyphi. For these pathogens, M. tuberculosis occurred most
in publications from UMICs, while others occurred more often in pub-
lications from LMICs. Specifically, the numbers of publications related to
Shigella spp., S. typhi, V. cholerae, and S. paratyphi in LMICs were 1.76,
6.21, 6.14, and 4.92 times higher than those of HICs, respectively. The
number of publications related to M. tuberculosis of UMICs was 1.79 and
1.19 times higher than those from HICs and LMICs, respectively.
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3.2. Pathogen-drug studied across regions and income levels

Data for publications related to pathogen-drug combinations from
the WHO Global priority list of ARB are provided in Table 2 (additional
pathogen-drug combinations can be found in Tables S13-520). Search
results indicate that methicillin-resistant S. aureus (MRSA) was the most
studied pathogen-drug topic (1,763) across the globe, followed by ESBL-
producing E. coli (1,193) and carbapenem-resistant Enterobacteriaceae
(952). The world map of publications related to MRSA is shown in Fig. 3,
with related research expanding across all regions, especially in China,
the United States, Iran, and India. The region with the largest amount of
MRSA research is Europe and Central Asia (3,740), 1.52 times more than
East Asia and the Pacific, the second productive region. As before, the

Table 2
Occurrenc of drug-pathogen combinations in different countries categorized by region and income level, ordered in terms of frequency of occurrence.
East Asia & Europe & Latin America & Middle East &  North South Sub- HIC LIC LMIC UMIC
the Pacific Central Asia the Caribbean North Africa America Asia Saharan
Africa

Methicillin-resistant 303 513 92 306 177 176 196 778 53 568 364
Staphylococcus aureus

ESBL-producing Escherichia 224 369 75 184 73 149 119 505 35 388 265
coli

Carbapenem-resistant 242 291 66 115 116 86 36 478 13 194 267
Enterobacteriaceae

ESBL-producing 148 304 50 119 60 65 93 404 47 218 170
Enterobacteriaceae

Vancomycin-resistant 105 187 39 157 87 100 83 290 34 271 163
Staphylococcus aureus

Penicillin-non-susceptible 149 244 44 87 83 33 66 375 23 140 168
Streptococcus pneumoniae

Carbapenem-resistant 134 228 67 98 76 42 30 321 11 143 200
Pseudomonas aeruginosa

Carbapenem-resistant 139 205 52 107 32 45 25 261 9 147 188
Acinetobacter baumannii

Carbapenem-resistant 146 166 39 87 39 58 34 211 11 157 190
Klebsiella pneumonia

ESBL-producing Klebsiella 95 146 30 120 26 57 55 190 21 194 124
pneumonia

Fluoroquinolone-resistant 106 73 27 20 33 102 33 141 6 161 86
Salmonella spp.

Vancomycin-resistant 68 155 16 50 42 25 16 215 2 76 79
Enterococcus faecium

Carbapenem-resistant 87 128 27 42 37 33 13 173 5 80 109
Enterobacter spp.

Carbapenem-resistant 65 86 26 43 46 51 33 150 10 96 94
Escherichia coli

ESBL-producing Enterobacter 54 112 16 58 32 36 30 156 12 116 54
spp.

Clarithromycin-resistant 107 100 20 52 12 13 9 166 2 65 80
Helicobacter pylori

Ampicillin-resistant 60 84 12 22 19 8 14 133 4 38 44
Haemophilus influenzae

ESBL-producing Proteus spp. 21 60 11 36 13 18 16 84 3 57 31

Fluoroquinolone-resistant 37 77 11 4 26 6 7 120 0 17 31
Campylobacter

Cephalosporin-resistant 48 37 7 0 24 8 10 78 2 18 36
Neisseria gonorrhoeae

Carbapenem-resistant Proteus 19 52 6 17 12 20 6 56 1 40 35
spp.

Carbapenem-resistant Serratia 20 30 8 12 5 4 4 43 0 14 26
spp.

ESBL-producing Serratia spp. 9 37 5 11 6 3 9 46 1 20 13

Fluoroquinolone-resistant 28 7 0 7 6 16 4 19 1 31 17
Shigella spp.

Carbapenem-resistant 6 8 7 9 6 9 2 21 1 14 11
Providencia spp.

Fluoroquinolone-resistant 17 11 4 0 5 3 7 21 2 7 17
Neisseria gonorrhoeae

ESBL-producing Morganella 8 14 3 12 2 4 3 24 2 13 7
spp.

Carbapenem-resistant 8 10 1 10 1 3 2 16 0 9 10
Morganella spp.

ESBL-producing Providencia 6 6 1 9 0 2 1 11 1 8 5
spp.
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Fig. 3. Global mapping of publication numbers related to MRSA.

least number of related publications are from the Latin American and the
Caribbean region.

In Europe and Central Asia, studies performed on carbapenem-
resistant and ESBL-producing Enterobacteriaceae  (including
K. pneumonia, E. coli, Enterobacter spp., Serratia spp., Proteus spp., and
Providencia spp., Morganella spp.) were more common than other re-
gions. In East Asia and the Pacific, studies related to drug-resistant
N. gonorrhoeae (including Cephalosporin-resistant N. gonorrhoeae and
Fluoroquinolone-resistant N. gonorrhoeae) accounted for more than one-
third of the total related publications. Furthermore, the proportion of
fluoroquinolone-resistant Salmonella spp. and fluoroquinolone-resistant
Shigella spp. related publications in the Asian region (including East Asia
and the Pacific and South Asia) was 52.8 % and 64.7 %, respectively,
greatly exceeding other regions. Finally, studies on ESBL-producing
K. pneumonia made up a large proportion of manuscripts from the
Middle East and North Africa. In North America, no particular pathogen-
drug combination was dominant.

Similar to AMR pathogens, clear differences in predominant
pathogen-drug research was apparent with income status, with the
number of studies from HICs being much greater than other regions, the
same as number as all publications from LMICs and UMICs combined.
Publications on pathogen-drug were limited in LICs, which was less than
one-tenth of those from other regions. However, fluoroquinolone-
resistant Salmonella spp. and fluoroquinolone-resistant Shigella spp.
were particularly prevalent in publications from LMICs. It should be
noted that studies on carbapenem-resistant P. aeruginosa and
carbapenem-resistant Acinetobacter baumannii, which are critical ARB on
the 2017 WHO Global priority list, were not among the top five
pathogen-drug combinations when it comes to published research,
suggesting a critical research gap.

3.3. Antibiotic resistance genes (ARGs) research across regions and
income levels

Global research publications on ARGs, including the survey of ARG
prevalence by country and co-occurrence of ARG-pathogen combina-
tions are provided is shown in Fig. 4. The number of studies related to
ARGs is dominated by China, the United States, India, Iran, and the
Republic of Korea. Among all AMR publications, mecA is the most
frequent ARG studied across all countries. The greatest number of mecA
publications are from Iran (95), followed by Brazil (75), the United
States (63), Egypt (60), and China (54). However, when one compares
mecA publications per country based on the total number of AMR pub-
lications from that country, Saudi Arabia had the highest local level
(9.66 %) followed by Egypt (9.26 %) then Iran (8.36 %), indicating these

are countries where mecA research is a high priority. However, this also
suggest these countries are centers of experience on mecA issues,
potentially making them valuable partners in future cooperative
research on the topic.

ARG foci vary between countries. For example, China researchers
published more on gyrA, sull, sul2, and parC compared with other
countries. Further, AMR research focused on mcr-1 had the largest
proportion in China (4.99 %) and also ranked first in Thailand (5.30 %)
and Vietnam (7.27 %). In India, the ARG with greatest focus is blaxpp.1,
more than 6.00 % of AMR research. Conversely, AMR research in
Australia has most focused on vanA (7.82 %), followed by research on
parC (4.47 %), mecA (3.91 %), and gyrA (3.63 %). Details on ARG-
related research publications per country and their proportion are pro-
vided in Tables S21 and S22.

Research on the co-occurrence of ARGs and pathogens in publica-
tions was examined and is summarised in Fig. 4B, which relates to
pathogens currently included in the Global Antimicrobial Resistance and
Use Surveillance System (GLASS) (World Health Organization, 2023).
Co-occurrence publications on E. coli and various ARGs is common. As
examples, ampC was the most frequently reported ARG in studies on
E. coli with 424, whereas mcr-1 has been published upon 263 times.
Similarly, publications related to Salmonella spp. frequently co-occurred
with gyrA (278), parC (186), sull (205), sul2 (152), and tetA (183), and
publications related to Streptococcus pneumoniae most associated with
gyrA (62) and parC (85). Within the research on S. aureus; mecA was the
most common topic with a frequency of 1250, whereas Enterococcus
faecium research most frequently co-occurred with vanA (shown in
Table S23).

3.4. AMR research methods used across regions, income levels, and One
health sectors

The types of AMR surveillance and analytical methods reported in
publications are summarised in Fig. 5 (details provided in the
Tables S24-529). Most research activity over the past 20 years has
included some form of antimicrobial susceptibility testing (AST) and
PCR-based methods (see Fig. 5A). Whereas, publications including
whole genomic sequencing (WGS) methods on ARB isolates have
dramatically increased over the last decade, with the number of publi-
cations in 2022 being over 25 times greater than one decade ago.
Further, the use of metagenomics methods on microbial communities
also has emerged over the last decade, especially since 2018 - the
number of manuscripts in 2022 being over triple that of 2018, which is
probably due to reducing costs and greater accessibility to sequencing
methods.
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Fig. 4. Descriptive summary of ARGs in publications. (A) The bubble plot shows the frequency of ARGs detected in the publications of different countries. The size of
the bubble represents the number of publications reporting the ARG subtype in the country. The colour of the bubble represents the proportion that the ARG accounts
for all ARGs in the country. (B) The co-occurrence of pathogens and ARGs in publications. The pathogens are included in GLASS. The prevalence of specific ARGs in
research publications across countries provides a snapshot of global AMR “hotspots” according to (A). Here are two examples: First, publication on mcr-1 are very
common in China, which is consistent with the fact that mcr-1, a plasmid-mediated colistin resistance gene, was firstly isolated from food-producing animals and
subsequently in humans in China (Liu et al., 2016; Wang et al., 2017). Alternately, vanA research was common in Australian publications, which is consistent with
previous reporting (Coombs et al., 2018; The Australian Group on Antimicrobial Resistance, 2021). From 2017 to 2019, the rates of vancomycin-resistant E. faecium
in Australia ranked first, second, and fourth, compared with the data from European Antimicrobial Resistance Surveillance Network (EARS-Net) countries, and the
vanA-harbouring isolates were broadly detected.
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Fig. 5. Annual trends of (A) existing AMR surveillance methods and (B) AST-based methods in publications. Due to the fact there are numerous different AST
options, the searches were divided four categories to get a better sense of the actual methods employed around the world over time. The AST methods divided into 1)
microbial culturing, 2) determination of minimum inhibitory concentrations (MICs), 3) identification of specific isolates (including biochemical testing, mass
spectrometry, nucleic acid amplification tests, MALDI etc.) and 4) WGS (WGS was not included in pathogen identification because it has different purposes in AST,
such determining resistances genotypes and their genetic context within host isolates).

Most AST-related studies center on culture-based methods (Fig. 5B),
with the number of AMR publications with microbial culturing rapidly
increasing over the last 20 years. Conversely, although research that
includes MIC determination has increased over time, the rate of increase
is much lower than studies that employ culturing without MIC deter-
mination. However, AMR methods used in published research has
changed dramatically over the last five years, with WGS being much
more frequently combined with AST testing. However, specific isolate
identification has not increased in tandem, with publications using WGS
being four times greater than manuscripts reporting isolate identifica-
tion, which is a critical research gap, especially in the environmental
sector.

AMR surveillance methods were examined in publications from
specific countries and national income status dramatically impacted
methods employed (shown in Table S27). Publications employing
“traditional AST-based methods” and PCR were common across income
levels. However, the number of publications including WGS were higher
in HICs (925) — more than the sum of LMICs (302), UMICs (527), and
LICs (28) combined. Similarly, metagenomics-based research has
expanded in HICs, with 1.46 times more publications than the sum of
LMICs, UMICs, and LICs. The publications using high throughput qPCR
(HT-qPCR) has recently and dramatically increased in UMICs, particu-
larly driven by research from China.

Results of existing AMR research methods across One Health sectors
(i.e., human health, plant health, animal health, environment, and food
systems) was provided in Tables S28 and S29. The AST-based methods
were most frequently used in human health sector, with a proportion of
exceeding one third of total research. Metagenomics methods are most
frequently used in environmental sector research, close to four times
greater than in human health sector. Additionaly, more than a half of
research on plant health sector was conducted with PCR-based methods,
sometimes combined with AST-based methods and qPCR methods.
Meanwhile, the amplicon sequencing methods were more frequently

used in plant health sector than other sectors.

3.5. Stages of AMR research over the last 20 years

Using hierarchical clustering, we found that the development of
AMR research can be divided into three stages: 2003-2011, 2012-2018,
and 2019-2022 (Fig. 6A). The total number of publications for all five
major sectors increased across the stages. However, the methods
employed in each sector differed.

To understand underpinning patterns across the three stages, co-
occurrence network patterns for the intra-sectors and inter-sectors
were characterised (Fig. 6B-G). From stage 1 to stage 3, the total num-
ber of edges grew by more than four times, which reflects the sharp rise
in the AMR research. Specifically, inter-sector edges increased by 3.5
times, reflecting broad and growing associations in AMR publications
between sectors. Additionally, the weighted edges for inter-sector and
intra-sector in stage 1 were 3,751 and 4,853, respectively, while the
numbers in stage 3 were 29,516 and 24,715, suggesting much higher
levels of cross-sectoral activity in the last five years. In fact, the number
of publications crossing inter-sectors grew 1.3 times more from stage 1
to 3 than intra-sectoral publications, confirming slowly increasing levels
of multi-sectoral research.

Relative to sector-specific activity, publications related to human
health predominated AMR research from stage 1 to stage 3, with pub-
lication numbers of 3,451, 7,658, and 13,323, respectively. Other sec-
tors also had increasing levels of AMR research, e.g., manuscripts related
to animal health and environment increased in stage 3 vs stage 1 by
seven and 14 times, respectively. When it comes to the overlap of
research between the two sectors, publications between plant health and
other sectors increased sharply for stage 1 to stage 3, especially over-
lapping research between the environment and plant health sectors,
growing by over 21 times. Over this period, the number of publications
related to plant health itself grew by 5.67 times. Further, research
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Fig. 6. AMR research under One Health sectors The One Health sectors containhuman health, plant health, animal health, environment, and food systems. (A)
Annual publication number heatmap of One Health terms, normalized by row. Three stages are determined by hierarchical clustering: stage 1, 2003-2011; stage 2,
2012-2018; stage 3, 2019-2022. (B-D) Co-occurrence networks of publications in One Health sectors in stage 1 (B), stage 2 (C), and stage 3 (D). In the co-occurrence
network, each node represents a distinct term, with the color of the node indicating the One Health sector to which the term belongs. When terms co-occur within a
single publication, an edge is formed between the corresponding nodes. Specifically, an edge within the same sector signifies that the term is exclusively associated
with that sector within the publication. Conversely, edges between different sectors indicate terms that are simultaneously associated with both sectors within the
publication. Additionally, the weight of an edge represents the average number of publications involving the respective terms within or between sectors at a given
stage. (E-G) The heat matrix of the average number of intra-sectoral and inter-sectoral publications per year. Detailed information is provided in Table S30.

conducted on the interface of the environment sector and food system
sector increased by 4.14 and 11.9 times in stage 1 to stage 2 and stage 1
to stage 3, respectively.

In stage 3, the most common inter-sectoral research was at the
interface of human health and environment (3,199), followed by
research at the interface of the animal health and food system sectors
(2,556), and the interface of the animal health and human health sectors
(2,399). An interesting finding was that the publication numbers at the
interface of the food system and animal health sectors exceeded the
number of publications on food system themselves, which was not seen
in any other combinations between sectors. Finally, although the
interface of plant health research with other sectors grew sharply, the
total amount of publications was low, e.g., publications at the plant and
human health interface was one-sixth of those at the environment and
human health interface.

Numbers of mono-sector and multi-sector publications were
compared in stage 3 to assess the extent of current One Health research
(Fig. 7). We found 33 publications contained all five sectors and there
were 426 publications containing four sectors (i.e., mostly crossing the
human health, animal health, food system, and environment sectors;
other combinations of four sectors were >100). Publications straddling
animal health, food system, and the environment were greatest among
three-sector publications.

Among all the publications that contained more than two sectors
(2,239 in total), more than 40 % were conducted in HICs. The number of
publications contained more than two sectors from LMICs (601) was
close to those from UMICs (660), while the number of LICs was 59.
Interestingly, no publications in LICs including all five sectors. More
than 60 % of the top 100 most cited publications were related to HICs; in
contrast, only one publication was related to LICs.
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4. Discussion

Al-based methodologies were employed to interrogate the huge bank
of literature, using NLP to map global patterns in AMR research. The
work demonstrates how Al can be used consolidate and help interpret
large-scale scholarly activity, in this case identifying knowledge gaps in
past AMR research and motivating greater One Health focused work in
the future. Sifting and consolidating large literature databases is a huge
challenge for humans because of hundreds of thousands publications.
However, our innovative Al approach rapidly, accurately, and effi-
ciently categorized information from diverse sources, systematically
characterizing AMR research around the world over time, across income
statuses, and One Health sectors. Our goal was to understand what and
how AMR research was being performed now to identify knowledge
gaps and guide future integrated One Health research activity.

The AI work provided many valuable results. First, among the top
five pathogens studied in publications, four were ESKAPE pathogens (i.
e., S. aureus, P. aeruginosa, Salmonella spp., and K. pneumoniae) (Rice,
2008); which are common but concerning strains that can become
multidrug-resistant and virulent (Semenec et al., 2023). These patho-
gens and E. coli, the most widely studied bacterial genus, are widely
studied by HIC researchers, reflecting the interest these bacteria from a
research perspective, where greater resources are available for research.
However, Salmonella spp. was the most studied pathogen in LMICs,
especially in Asia (including East Asia, the Pacific, and South Asian re-
gions), and the most studied pathogen in South Asia was S. typhi. Such
foci are consistent with regional health issues, especially where re-
sources are more limited for research. Such regional focus is logical and
justified.

Typhoid and paratyphoid infections (i.e., human diseases resulting
from Salmonella spp. infections) pose a great burden of illness and death
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in LMICs, largely due to poor quality water, inadequate sanitation, and
hygiene infrastructure, especially impacting children (Crump et al.,
2004). Typhoid fever is estimated to cause over one hundred thousand
deaths per year in LMICs (Stanaway et al., 2019); and is particularly
problematic in South and Southeast Asia (Cao et al., 2021; Walker et al.,
2023). However, when fluoroquinolone was recommended for typhoid
treatment in the 1990s, fluoroquinolone nonsusceptibility (FQNS)
resulted in mutations in quinolone resistance determining regions
(QRDR) in S. typhi, which are now ubiquitous across South Asia (da Silva
et al., 2022; Mogasale et al., 2014).

Similarly, our results showed that Salmonella spp. frequently co-
occurred with fluoroquinolone-resistant genes (gyrA, parC). In general
terms, the Al work on global research patterns verified that South Asia is
a critical hub for the generation and spread of AMR in general terms (da
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Silva et al., 2022). Therefore, more resources are urgently needed for
this region to control typhoid and its consequences, which our results on
local research foci confirm. However, research experience from this
region, similar to other regions with dominant local problems (e.g.,
mecA in Middle Eastern countries), a valuable resource to guide future
activity within the region and elsewhere in the world on the topic.
Other patterns are apparent. For example, sulfonamide-resistant
genes (sull, sul2), and tetracycline-resistant genes (tetA), which are
often result from the use of broad-spectrum antimicrobial agents in
veterinary treatments, were frequently detected with Salmonella spp..
Although speculative, extensively drug-resistant (XDR) Salmonella spp.
appeared to emerge from Pakistan and spread to other countries
(Nizamuddin et al., 2021; Bharathan and Kurian, 2020; Lopez-Segura
et al., 2019); reflecting the need for controlling the antibiotic use in
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livestock and poultry breeding to prevent and mitigate the overbreak of
Salmonella spp. in animal-based food with more newly emerging drug
resistance caused by selection pressure.

Results found publications related to fluoroquinolone-resistant
Shigella spp. were often from in the Asia region; however, one must
recognise that Africa also has a great shigellosis disease burden and risks
exist of intercontinental spread of fluoroquinolone-resistant Shigella spp.
from South Asia (Stenhouse et al., 2023; Kahsay and Muthupandian,
2016; Chung The et al., 2019). This means that our Al approach based on
literature alone cannot learn everything, i.e., in places with limited
research capacity, observing limited disease burden may be due to a lack
of resources for research and nothing is reported. In this case, greater
investment in research and surveillance is needed to determine the
epidemiology of Shigella spp. in Africa. The broad lack of publications
from Africa suggest a major research gap, suggesting it should be the
focus for new funding and work, especially cross-sectoral integrated
research. This gap is confirmed by the limited number of integrated
AMR studies in African LICs.

Overall, patterns of AMR research in different low-income settings
tend to be region-specific, closely related to local healthcare priorities.
Conversely, research in HICs tends to be broader. Despite region-specific
activity, the highest AMR burden exists in LICs and LMICs (Murray et al.,
2022; Kotloff et al., 2013; Fuhrmeister et al., 2023); i.e., despite known
regional needs, problems like limited laboratory infrastructure, incom-
plete NAPs, and-or inadequate financial support restrict locally impor-
tant research.

This leads to another important finding of this study, which is the
dramatic differences in AMR quantification and characterization
methods used across country groups. For example, Iran has the largest
number of studies on mecA, with most of the publications related to
S. aureus. However, more than 82 % of the publications in Iran were
conducted using only PCR-based methods, indicating that the detection
of mecA gene or antibiotic-resistant strains was not performed using
more advanced WGS of isolates or HT-qPCR methods, both of which
provide richer context of associated AMR. The burden of MRSA is very
high in Iran (Murray et al., 2022; Antimicrobial Resistance Collabora-
tors, 2022); suggesting that advanced testing methods would be
invaluable, although there are socioeconomic and political explanations
for this gap (World Health Organization, Food and Agriculture Organi-
zation of the United Nations, World Organisation for Animal Health,
United Nations Environment Programme, 2022). In contrast, in China,
AMR characterization that employed only PCR-based methods was in
around 43 % of the studies. More often, other AMR research methods,
such as WGS and metagenomics, were also included in assessments.
Further, HT-qPCR methods for the detection of ARGs, which is among
the newer and most promising qPCR technologies (Zhu et al., 2013);
were mostly from China.

There are innovations in genomic sequencing and analysis, including
metagenomics of clinical samples and environmental samples, tracking
of ARGs and plasmids, and machine learning for predicting resistance
mechanisms and resistance rate changes (Wheeler et al., 2023). How-
ever, these new technologies for AMR research seldom occur or are used
in LICs. Therefore, reducing imbalances in capacity between LICs and
HICs, e.g., through initiatives such as increasing co-developed research
outputs, advancing technological capacity, and fostering more holistic
AMR surveillance planning, is crucial for addressing AMR on a global
scale. This is due to the interconnectedness of sectors and countries,
which is a primary driver behind the ongoing increase in AMR world-
wide, along with the urgent necessity to promote local research
ownership within each country. Capacity building, such as investing in
new laboratories, instruments, and equipment, providing guidance and
training, and improving integrated monitoring, epidemiology, and sur-
veillance is critical. The goal is to make all countries and regions sus-
tainable within their own domains (Laxminarayan et al., 2013).

On a positive note, our findings show a clear trend in AMR research
towards One Health approaches, although this trend is most evident in
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progressively higher income settings. Increasing One Health thinking
initiated in 2011, which potentially explains this international response,
highlighted by Tripartite (the alliance of WHO, WOAH, and FAO) (Food
and Agriculture Organization of the United Nations, World Organization
for Animal Health, World Health Organization, 2010). Although One
Health approaches were slow to be applied, it is clear that by 2019
research that includes human health and other sectors were taking hold,
especially in the interface between human health and environment. This
is possibly a result of increased awareness of the impact of environ-
mental factors on human health due to the COVID-19 pandemic
(Lefrancois et al., 2023). However, there are clear gaps in cross-sectoral
research, especially linking plant health and others. Specifically, cross-
sectoral research including plant health rarely including more than
one other sector. This is concerning because human health, animal
health, and security of food systems are almost certainly directly or
indirectly impacted by plant health, although research at related in-
terfaces has been limited. Food and phytomedicine provision for human
and animals includes niches for microorganisms, managing ecosystems
and sustainable agriculture (Destoumieux-Garzon et al., 2018; Rizzo
et al., 2021; One Health High-Level Expert Panel (OHHLEP) et al.,
2022).

It should also be noted that the culture-based AST methods mostly
conducted in human health sector, while metagenomics methods
dominate the environment sector. These trends are not surprising since
culture-based methods provide essential phenotype information needed
for clinical decision-making, such as MIC data on specific isolates, the
gold standard for quantifying the degree of resistance in an isolated
pathogen. However, combining culture-based methods with WGS pro-
vides a richer narrative on resistance mechanisms, which may become
central to AMR surveillance in future (Grundmann et al., 2017). The
culture-based methods may be generally time-consuming (World Health
Organization, 2019); however, most of national and regional surveil-
lance databases center on phenotypic AST data.

In contrast, metagenomics methods have been used in environmental
samples to provide deeper insights into the genetic character of envi-
ronmental resistance without bias caused by culturing (over 99 %
percent of microbes in the natural environment are not culturable
(Amann et al., 1995), but such methods are rarely combined with WGS
of environmental isolates that allow genetic comparisons between
clinical and environmental isolates of specific medical concern
(Bengtsson-Palme et al., 2017). Validation of new or novel resistance
mechanisms rely on the analysis of specific AMR isolates because mo-
lecular or metagenomics methods still say little about actual phenotypic
resistance (Larsson and Flach, 2022; World Health Organization, 2019).
As such, there is an urgent need to combine culture-based methods with
non-culture-based molecular AMR methods across all sectors to provide
consistent and more comprehensive data that is essential for One Health
solutions. We feel one of the main reasons why environmental AMR
surveillance data has not been recognised as important to healthcare
researchers, who primarily rely on culture-based methods, is that the
methods between the two sectors do not intersect. Harmonization of
methods between sectors, therefore, is critical.

Although our work provides critical information needed for policy-
and decision-makers at regional and international levels, the study has
some limitaitons. For example, due to the limitations in data availability,
it was not possible to perform full-text interrogation of all the articles
assessed here. Further, one bibliographic database (Scopus) was
employed to extract titles, abstracts, and keywords, which may cause
some bias by decreasing the number of documents identified through the
NER process. An example is due to sometimes imprecise terms relative to
sampline in manauscript abstracts. Also, searches strategy was restricted
to English manuscripts, which may result in a language bias. Finally,
definitions of One Health are often not very specific. Therefore, terms
used in each sector and complex relationships in definitions across
sectors need refinement in future version of our analysis.

However, this study provides consequential evidence of global AMR
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patterns based on research trends, and importantly, a powerful way of
combining and integrating data from thousands of disciplinary, cross-
disciplinarity, and cross-sectoral studies. Our analysis is the first to
collate and analyse global AMR research using dispassionate NLP
methods and provides a platform for equitable data sharing now and in
the future. This means our databases can updated and reinterrogated
over time as AMR research proceeds, providing a method of quantifying
trends in AMR transmission and spread across sectors and countries.
This clearly will be invaluable in policy guidance and creating gover-
nance frameworks for global collaboration on the AMR threat. Finally,
our study shows what is possible when Al-based methods are used in a
beneficial and socially constructive manner.
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