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ABSTRACT

In analytical and clinical toxicology, the last
decade has seen a significant increase in the use
of mass spectrometry (MS) technologies, which
have revolutionized analytical methodologies.
This study conducted a bibliometric analysis on
the application of chemical methods in analytical
toxicology, with the aim of identifying publication
trends, key topics, collaborations and future
opportunities. The bibliometric data were collected
from the Scopus database covering the period
from 2016 to 2025. 482 articles were selected and
a precise and iterative search strategy was used to
retrieve the relevant articles while excluding
unrelated disciplines, such as agriculture, ecology
and food analysis; after data processing 300
articles were included in the analysis. This has
made it possible to maintain the focus on
chemometric applications specific to analytical
toxicology. This bibliometric analysis, carried out
using Bibliometrix and VOSviewer, explores
research trends, collaborations and methodologies
in the field of analytical toxicology. The results
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indicate a significant increase in the number of
publications since 2017 and 2021, followed by a
fluctuation between 2022 and 2025. The majority
of publications were sponsored primarily by
the United States, China, Italy, and Germany.
Regarding international collaborations, the United
States stands out with the highest number of such
partnerships, indicating strong collaborative research
activities. Italy, China, and Japan demonstrate
significant activity in transnational publications.
This study highlights their contributions and
provides further analysis of their collaborative
efforts. Valuable information on the predominant
substances, methodologies and research themes
in analytical toxicology, while highlighting the
evolving nature of collaboration and technological
progress in the field.

KEYWORDS: chemometric methods, toxicology,
mass spectrometry, LC-MS/MS, GC-MS, ICP-
MS, doping, forensic, drug abuse, drug intoxication.

1. INTRODUCTION

In the domain of toxicology, analytical chemistry
and clinical sciences, we are witnessing more and
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more over the last decade, the use of mass
spectrometry (MS) technologies which have
transformed analytical approaches. Methods
such as gas chromatography coupled to mass
spectrometry (GC-MS), liquid chromatography
coupled to mass spectrometry (LC-MS) and
inductively coupled plasma mass spectrometry
(ICP-MS) have made it possible to meet complex
analytical challenges, offering unparalleled levels
of sensitivity, specificity and versatility [1-3].
These technologies play a critical role in applications
such as the detection and identification of toxic
substances during drug or environmental poisoning,
post-mortem analysis, forensic medicine, anti-
doping screening, and the study of pesticides and
metabolites in various biological samples [4, 5].
Between 2016 and 2025, these technologies
have seen increasing adoption, supported by the
emergence of High-Resolution Mass Spectrometry
(HRMS) and LC-MS/MS systems. These
innovations have allowed better detection of
contaminants, drugs, and psychoactive substances
in complex biological matrices, while meeting the
needs for speed and accuracy in clinical diagnosis
and forensic investigations [6, 7]. At the same
time, scientific production in this area has
increased, highlighting a growing interest in
applying MS technologies to current challenges
in toxicology. A bibliometric analysis of this
production can provide a valuable perspective on
research trends, international collaborations, the
geographical distribution of scientific contributions,
and emerging themes. These analyses also make
it possible to identify the most influential
researchers and the leading institutions [8]. The
objective of this article is to perform a
bibliometric analysis of publications indexed in
the Scopus database between 2016 and 2025,
focusing on the use of MS technologies in
analyses related to clinical and analytical
toxicology, as well as other related disciplines.
The main goal is to examine the evolution of
scientific contributions, map the dominant research
themes, and highlight future opportunities in
this area. The exploration of bibliometric data
through this article will contribute to a better
understanding of the scientific and technological
impact of mass spectrometry tools on analytical
and toxicological sciences.

2. MATERIALS AND METHODS

For this study, data were collected from the
academic databases Scopus, using a structured
search query. The search strategy incorporated
keywords related to chemometric applications in
toxicology, including “Spectroscopic methods”,
“Mass Spectrometry”, “Gas Chromatography-
Mass  Spectrometry”, “GC-MS”,  “Liquid
Chromatography-Mass Spectrometry”, “LC-MS”,
“Inductively Coupled Plasma Mass Spectrometry”,

“ICP-MS”, “Doping in Sports”, “Forensic
Sciences”, “Pesticides”, “Autopsy”, “Postmortem
Changes”, “Drug Overdose”, “Medication

Overdose”, “Drug Intoxication”, ‘Pharmaceutical
Poisoning”. Relevant publications were identified
through this query, and the resulting dataset was
analyzed with Bibliometrix software to generate
visualizations and extract meaningful information.

2.1. Data sources and research strategy

2.1.1. Methodology for selecting eligible articles

Bibliometric metadata on the application of
chemometric methods in analytical toxicology
over the period January 2016 to December 2025
were retrieved following a four-stage process:
Identification, Selection, Eligibility and Inclusion,
ensuring the inclusion of only the most relevant
and high-quality studies. A PRISMA flowchart
(Figure 1) summarizes this process. In the
eligibility stage, exclusion criteria defined prior to
the search were applied. These included studies
not published in English, and non-primary research
such as conference abstracts, reviews, editorials,
and opinion articles.

2.1.2. Development of the thesaurus

To design a comprehensive keyword thesaurus
[9], a detailed list of key terms was developed.
The main areas identified include analytic
method, cannabinoids, type of samples (blood,
urine ...), drug abuse, drug intoxication, forensic
toxicology, LC/MS-MS, GC/MS, mass
spectrometry, and validation study. Synonyms and
related terms were grouped for each area to create
a keyword map or co-occurrence map. For
example, terms related to drug abuse include
amphetamine, fentanyl, illicit drug, morphine,
tramadol etc. Those related to validation study
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Figure 1. Flowchart illustrating the data selection steps.

include limit of detection, limit of quantitation,
reproducibility, accuracy etc. This approach enables
the visualization of connections and relationships
between various aspects of chemometrics and
analytical toxicology, thereby simplifying the
analysis and interpretation of bibliometric data.

2.2. Analysis using bibliometrix and VOS viewer

Bibliometric data were processed and analyzed
using the Bibliometrix R package [10-12]. The
dataset was initially loaded and converted into
data frames using the bib2df function. Then, key
variables such as authors, keywords, affiliations,

and document types were harmonized to create a
unified dataset. Duplicate items were deleted with
the match function. Descriptive statistics were
then compiled, including the average number
of publications per year, the most productive
authors, institutions, nations, and the most cited
authors. To examine the social, intellectual, and
conceptual structure of the study area, network
analyses were performed using VOSviewer, a
powerful software tool for creating bibliometric
maps from network data [13]. Co-authorship and
keyword co-occurrence networks were visualized
to reveal major research trends and collaborations.
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2.3. Development of the query

A precise and iterative search technique was
designed to assure the retrieval of relevant articles
while eliminating publications in other disciplines
such as agriculture, environment, ecology and
food analysis. Instrumental Analysis Methods:
Highlighted techniques such as mass spectroscopy,
LC/MS-MS, GC/MS, and other advanced
instrumental approaches.

Exclusion criteria: Specific terms were used to
exclude publications outside the study’s scope,
ensuring the focus remained on chemometric
applications in analytical toxicology.

3. RESULTS AND DISCUSSION

482 articles were obtained after applying scope
filters such as: period to be considered for the
study (was chosen for the period between January
2016 and December 2025); the research areas
included: three areas “Pharmacology, Toxicology
and Pharmacy”, “Chemistry”, and “Medicine”,
the Type of document chosen was either an
Article or a Literature Review, and finally the
Language of the documents was limited to
English. Then the articles concerning the areas
including non-human samples, agriculture,
environment; areas other than human analyses and
those concerning analytical or clinical-analytical
toxicology were excluded. Thus 300 articles were
included in the bibliometric analysis. The
selection process is summarized in Figure 1,
ensuring the inclusion of the most relevant
studies. A detailed overview of publication trends,
authorship distribution, and keyword analysis is
provided in Table 1.

3.1. Analysis of the number of publications

The progression of scientific output in analytical
toxicology, as seen in Figure 2, demonstrates
intricate dynamics shaped by both internal and
external causes. In 2016, the inception of the
study, 29 publications were published, indicating
a moderate initial interest reflective of an
emerging period in which research is beginning to
be organized. In 2017, there was a notable fall
of 60%, perhaps attributable to initial saturation
following a first wave of publications,
reallocations of funds to other areas, or
methodological challenges impeding attempts.

This phenomenon commonly occurs in developing
domains, where a transient drop may precede a
resurgence driven by innovative methodologies or
technology [14]. From 2017 to 2021, a gradual
yet consistent growth was noted, indicative of
technological advancements, including the
implementation of analytical techniques like LC-
MS/MS and GC-MS [15], enhanced acknowledgment
of the field’s significance, and a heightened
organization of international collaborations.
Conversely, 2022 experienced a reduction,
yielding just 18 publications, perhaps attributable
to external influences such as the COVID-19
pandemic, which hindered several scientific
endeavors globally [16], as well as discipline-
specific limitations.

The year 2023 recorded an exponential growth
with 42 publications, attributed to an increased
recognition of the field by researchers and
funders, to the emergence of new problems or
practical applications, or to reinforced collaborations.
The introduction of regulations or disruptive
technologies has undoubtedly played a key role in
this revival [17]. Finally, in 2025, a stabilization
was observed with 39 publications, reflecting a
period of maturity when the field, now well
established, benefits from a sustained flow of
research without exponential growth. These
fluctuations testify to the natural cycles of
scientific research, alternating between phases of
experimentation, stabilization, and renewed
interest, as well as the impact of technological
advances and global events on the dynamics of
scientific production.

3.2. Intellectual structure

The analysis of publication trends reveals the
main sources of publications and the leading
research themes. It showcases major academic
contributions and highlights key innovations in
the area.

3.2.1. Institutions and authors

The literature review highlights a notable and
diversified scientific productivity in the field
studied. Some institutions (Figure 3) stand out
for their leadership, in particular Alma Mater
Studiorum Universita di Bologna (26 publications),
Universita Politecnica delle Marche (25) and
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Table 1. Descriptive statistics of the database.

Description Results
Main information about data

Time span 2016 - 2025
Sources (Journals, Books, etc) 84
Documents 300
Annual growth rate % -17,97
Document average age 5
Average citations per doc 17,54
References 2640
Document contents

Keywords plus (ID) 4001
Author’s keywords (DE) 842
Authors

Authors 1426
Authors of single-authored docs 5
Authors collaboration

Single-authored docs 5
Co-authors per doc 5,95
International co-authorships % 19
Document types

Article 283
Review 17

NMS Labs (23), thanks to solid resources and
collaborations. The limited differences between
the dominant institutions (for example, Hamamatsu
University School of Medicine with 20
publications) testify to a balanced distribution of
contributions. In addition, the participation of
international institutions (Italy, Japan, the United
States) underlines the growing importance of
transnational collaborations, strengthening
knowledge exchanges and technological advances.
Finally, the intermediate institutions (17-19
publications) also make significant contributions,

reflecting an expanded commitment to research.
These results highlight the key role of technological
innovations and global cooperation in the
structuring and dynamism of scientific research.

The data (Figure 4) reveals several key insights
regarding authorship trends in this subject. A total
of 1426 authors have contributed to publications,
with some demonstrating significant activity
(Figure 4) between 2016 and 2022, peaking in 2021.
Notable contributors during this period include
Logan, Barry K. et al., Papsun, Donna M. et al.,
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Figure 2. Annual number of articles related to the application of chemometric methods in

analytical toxicology.
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Figure 3. Number of articles by university by year.

and Krotulski, Alex J. et al. Shifts in publishing
activity are observed, as some authors, such as
Krotulski, Alex J. et al., and Thevis, Mario, began
publishing in 2018 but ceased their contributions
between 2022 and 2024. Conversely, new authors
emerged in 2023, marking a fresh wave of

contributions that continued into 2025, including
Jain, Rajeev et al.,, Jain, Bhartti et al., and
Sharma, Shweta et al. These trends highlight the
dynamic nature of research in this area, with both
established and emerging contributors shaping its
evolution.
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Figure 4. Number of articles by authors by year.

3.2.2. Major journal

The results (Figure 5) show that the Journal of
Analytical Toxicology is the most productive
journal in this subject, with 51 articles, followed
by the Journal of Drug Testing and Analysis (41)
and Forensic Science International (35). Other
important contributors are the Journal of
Chromatography B: Analytical Technology (18),
Forensic Toxicology (16), and Legal Medicine
(10). Journals such as Bioanalysis (9), Journal of
Pharmaceutical and Biomedical Analysis (9),
Journal of Forensic and Legal Medicine (4), and
Journal of Forensic Sciences (4) also contribute
to the dissemination of research. This ranking
emphasizes the importance of specialist journals
in promoting the production and dissemination of
information in analytical toxicology.

3.2.3. Country analysis

The USA clearly dominates the area with a total
of 1,637 citations (Figure 6), far exceeding other
countries such as China (439), Italy (410), and
Germany (346). While Japan and Poland
demonstrate a moderate impact in terms of
citations, other contributors like the UK, Brazil,
Switzerland, and India show comparatively lower
citation rates. This significant disparity, underscores
the leading role of the USA in the area and
suggests varying levels of research influence and
visibility among other countries.

3.2.4. Dominant research themes

Thematic study of analytical toxicology identifies
significant research topics, including anti-doping,
forensic medicine, drug intoxication, drug addiction,
and the advancement of analytical methods
such as liquid chromatography and chemometric
instruments. Multivariate statistical methodologies,
including principal component analysis, are
commonly used. Emerging tools, such as
metabolomics and sophisticated discrimination
techniques, demonstrate the rising sophistication
of toxicological assessments applied to a variety
of domains, emphasizing the multidisciplinary
character of this study.

3.3. Social structure

The analysis of collaborations between authors
and institutions highlights important networks of
scientific cooperation and sheds light on how
these collaborations evolve.

3.3.1. Collaboration between researchers

The network visualization map (Figure 7)
illustrates groups of cooperating researchers. The
size of each node represents the magnitude of the
author's contribution, while the edges indicate
co-author affiliations, defining the collaborative
groupings. Some significant names are clearly
featured, signifying key people in their respective
groupings. Here is a more in-depth investigation
of the clusters.
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Cluster (a) Figure 7: Led by “giorgetti,
aranna” and ‘“‘auwarter, volker” who handle
particular difficulties and innovations.

Cluster (b) Figure 7: dominated by
“busardo, francesco paolo” displays another
grouping of authors who are frequently
related with each other.

e  C(Cluster (c) Figure 7: Active authors like
“pozo, oscar” collaborate often and have
a major influence on all authors in this
cluster.

These collaborative clusters highlight the
importance of cooperation and multidisciplinary
methods in advancing chemometric instruments
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Figure 7. Graph illustrating collaboration between researchers.

for  toxicological investigation,  promoting
innovation, and resolving complicated issues.

Some authors, such as “Auwirter, Volker” and
“Farré, Magi”, collaborate outside their respective
collaborative groups (represented by the green and
blue groups). This indicates that, despite being
part of distinct research teams, they engage in
projects or publications with researchers from
other groups. Such collaborations suggest that
these authors act as bridges or connectors between
different scientific communities, fostering the
exchange of ideas and perspectives across
disciplines or teams. This type of collaboration
highlights their significant role in promoting
dynamic and interdisciplinary research.

3.3.2. Intercountry collaboration in research

The analysis identifies three distinct clusters
(Table 2), each corresponding to specific geographical
areas and collaboration patterns:

Cluster 1: Dominated by the United States, this
group is characterized by important international
collaborations and a central role of the United
States as a pivot. The links with countries such as
India and Saudi Arabia are particularly notable,
which reflects strategic research partnerships
despite a more modest scientific production of
these two countries.

Cluster 2: This cluster, mainly composed of
countries in the Asia-Pacific region and Northern
Europe, presents a more distributed collaborative
dynamic, with less marked centers of gravity. The
contributions of China and Japan are significant,
although their values of “Total Link Strength”
(TLS) are lower, which may suggest a less
centralized network.

Cluster 3: This last configuration brings together
continental FEuropean countries, with high

productivity emanating from Italy and Germany.
An interesting aspect is the role of Switzerland,
which acts as a strategic “bridge” within intra-
European collaborations. According to studies,
international  partnerships boost publication
visibility and citations, particularly in new
domains, by making it easier to reach high-quality
journals [17]. This underlines the necessity of
worldwide cooperation to increase the quality and
impact of research [18].

3.4. Conceptual structure

3.4.1. Cluster analysis

Keyword analysis highlights central concepts and
relationships between themes by grouping the
data into three main clusters. The groupings
we identified reflect key research areas in
toxicological analysis, each with its own specific
characteristics and interconnections.

Cluster 1: Wanted substances

The first cluster brings together the main chemical
compounds analyzed in toxicological studies:
cocaine, ketamine, amphetamines, morphine,
cannabinoids, tramadol and benzodiazepines.
These molecules represent the most frequently
studied and detected substances, due to their
prevalence in cases of intoxication, substance
abuse, or in forensic contexts. Indeed, cocaine and
ketamine are substances commonly analyzed in
toxicology, especially in cases of drug abuse and
accidental or intentional poisoning [19].

As for benzodiazepines and tramadol, they are
molecules, often used for therapeutic purposes,
which are also subjects of abuse, especially in
the context of drug poisoning [20]. These results
reflect a trend of the last ten years, where illicit
drugs and diverted medicines have become a
priority in toxicological analyzes.
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Table 2. Descriptive statistics of the database concerning co-authorship network analysis by country.

Cluster Country Documents Total link strength

Brazil 13 4

Greece 5 1
India 13 14

Cluster 1 Netherlands 6 5
Saudi Arabia 13 14

South Korea 7 1

United States 74 21

Australia 9 3

China 25 5

Finland 6 4

Cluster 2

Japan 29 3

Sweden 7 5

United Kingdom 11 3

Germany 24 7
Italy 29 11

Cluster 3 Portugal 7 1
Spain 9 6

Switzerland 14 8

Cluster 2: Areas of investigation

The second cluster brings together the contextual
themes of toxicological analysis, such as drug
addiction, forensic medicine, doping, drug
poisoning, causes of death and autopsies. This
cluster highlights the use of toxicological analysis
as a multidisciplinary tool, essential to respond to
societal and medico-legal issues.

In forensic medicine and the study of causes of
death, toxicological analysis plays a crucial role
in judicial investigations to determine the causes
of death in cases of suspected poisoning or
intoxication [21]. Likewise, in the context of
doping, the detection of substances prohibited in
sport, such as amphetamines or steroids, is a key
application in this area [22].

Regarding drug addiction and drug poisoning, the
analysis in this area highlights the increasing
prevalence of substance abuse, requiring a thorough
evaluation to prevent and treat addictions [23].

Cluster 3: Analytical methods and validation

The third cluster focuses on the methodologies
and samples used in toxicological analysis,
with terms such as LC-MS/MS, GC-MS, mass
spectrometry, blood, urine and hair as well as
other types of sampling. These tools and matrices
are fundamental to ensure the accuracy and
reliability of the results indeed. Analytical
methods such as LC-MS /MS and GC-MS are
reference techniques and methods in toxicological
analysis because of their sensitivity, their
specificity and their ability to detect traces of
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substances in various biological matrices [24, 25].
Regarding biological samples blood and urine
remain the most commonly used matrices due to
their accessibility and reliability. The hair,
however, offers a long-term overview allowing
the history of consumption to be traced [26].

4. FUTURE DIRECTIONS IN ANALYTICAL
TOXICOLOGY

Analytical toxicology is undergoing a rapid
evolution thanks to technological advances such
as LC-MS/MS and GC-MS, which improve the
sensitivity and accuracy of analyzes. It extends to
new matrices (hair, tissues) for more in-depth
investigations and adapts to the challenges posed
by emerging substances (NPS) and illicit drugs.
The validation of methods and the integration of
forensic and histopathological data strengthen its
reliability, while automation and miniaturization
increase the efficiency of analyzes. In parallel,
personalized toxicology—focused on individual
genetic and metabolic profiles—and the study of
lesser-known substances or environmental toxins
are increasingly important in public health, sports
doping, and toxicological risk management.

5. CONCLUSION

The future of analytical toxicology lies in the
continuous advancement of analytical methods,
the integration of techniques based on mass
spectrometry and the adaptation to the new
challenges posed by emerging toxicants and
complex toxicological scenarios. These efforts
will enhance the ability to ensure public safety,
support forensic investigations, combat drug
addiction, address anti-doping challenges, and
manage other toxic substances effectively.
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