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COMMENTARY

When enhanced games outpace
public health and ethics

Ilaria Palmi, Simona Pichini and Renata Solimini

Centro Nagionale Dipendenze e Doping, Istituto Superiore di Sanita, Rome, Italy

Abstract

The enhanced games, a new sports event scheduled to take place in the United States
in the spring of 2026, propose a competition model in which the use of performance-
enhancing drugs (PEDs) is openly permitted and encouraged. This initiative represents
a radical departure from long-established sporting norms and is strongly criticised by ma-
jor international institutions, due to its potential public health consequences and ethical
implications. PEDs use poses significant risks, ranging from severe physical damage to
long-term mental health effects. The enhanced games risk normalising these substances,
particularly among vulnerable populations such as youth, who are highly influenced by
elite athletes and media narratives. This commentary examines the conceptual frame-
works underpinning sport, performance enhancement, and doping as well as the main
issues that may arise in relation to these games. Particular emphasis is placed on the

Key words

e doping in sports

e physical enhancement
¢ public health

e cthics

possible implications for public health, from both an ethical and a health perspective.

INTRODUCTION

The enhanced games is a proposed multi-sport event
that would allow athletes to use performance-enhanc-
ing drugs (PEDs). The inaugural enhanced games were
announced in May 2025 and the event is scheduled to
take place in Las Vegas, USA, from 21-24 May 2026.
The event will feature swimming, athletics, and weight-
lifting. The enhanced games aim to transcend the re-
strictions present in traditional competitions, such as
the Olympics, by eliminating bans on PEDs and en-
couraging the use of biotechnology and pharmacology
to push human performance beyond natural limits. The
event offers substantial prize money for competition
winners, particularly for those who can surpass current
world records. Organizers state that a team of scientists
and medical specialists rigorously designs the medical
profiling protocols, taking into account the potential
use of performance enhancements (https://www.en-
hanced.com/science).

This event represents a significant departure from
traditional sports norms and has drawn considerable
criticism from major international institutions like the
World Anti-Doping Agency (WADA) (https://www.wa-
da-ama.org/en/news/wada-condemns-enhanced-games-
dangerous-and-irresponsible). Enhanced games have
also raised deep concern in the International Federation
of Sports Medicine (FIMS) that adamantly opposed to
them [1]. This commentary outlines some ethical and

public health issues arising from the development and
marketing of these games.

SPORT, PEDS AND DOPING

Sport is one of the most remarkable expressions of
human endeavour. It serves as a source of recreation
and enjoyment, but rules are in place to ensure fairness
and equal opportunity for everyone. Sport enables in-
dividuals to push the boundaries of their physical and
mental capacities while fostering the sharing of col-
lective values and experiences. Sport originated as an
individual pleasure derived from physical activity and
competition is a natural consequence of this, a way to
measure oneself against others.

Can enhanced games be of interest to elite athletes
and, at the same time, amateur or recreational athletes,
i.e., be a topic of interest for the protection of public
health? Athletes are commonly classified into categories
such as elite, amateur, and recreational, based on vari-
ous criteria including competitive level, degree of com-
mitment, purpose, legal status, and access to resources.
Yet, those who compete at the highest international
levels — such as the Olympics, World Championships,
or professional circuits — almost always begin their ath-
letic journey as amateurs, often starting at a young age.
From this perspective, elite sport is not viewed as a sep-
arate domain, but as an endpoint that begins in the con-
text of amateur sport. Accordingly, certain public health
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ethics principles — such as the protection of vulnerable
populations like youth — can be reasonably extended to
the domain of sport.

Doping, defined as the use of specific substances
or medical methods to artificially increase an athlete’s
physical performance, affects sports participants at all
levels (i.e., elite, amateur and recreational athletes). It
ranges from neighbourhood gym-goers exchanging tips
on “sculpting” muscles to young exercisers achieving
desired results faster, by pushing themselves to their
physical limits and recovering faster after exercise/
training [2, 3]. The use of PEDs is becoming increas-
ingly prevalent among amateur athletes and the general
population engaging in sports, as well as those simply
attending gyms and sports facilities [4].

A number of authors have explored the motivations
behind athletes’ decisions to resort to doping. They
have concluded that the problem is extremely complex
and multifaceted, arising from a combination of indi-
vidual, relational, social and situational factors [5, 6].
The integrated model of doping behavior explains that
regulative, normative, and cognitive systems shape an
athlete’s choices about performance enhancement, in-
cluding both legal and prohibited methods. Together,
these systems influence the athlete’s mindset — their
attitudes, values, beliefs, and behaviors toward doping,
essentially their orientation to cheating. The extended
model considers both system-level and individual per-
spectives, aiming to align anti-doping policies, educa-
tion, and personal behavior [7].

At an international level, the World Anti-Doping
Agency (WADA), the international independent agency
that leads a collaborative worldwide movement for dop-
ing-free sport, currently defines which drugs or practic-
es violate the World Anti-Doping Code (WADC). The
WADC is the fundamental document that harmonises
antidoping policies, rules and regulations within sports
organisations and among public authorities worldwide.
WADA states that there is an intrinsic value about
sports that is the celebration of the human spirit, body
and mind, and is reflected in values including fair play
and honesty, respect for self and other participants, re-
spect for rules and laws, and health.

WADA considers including a substance or method on
the prohibited list if the substance or method meets any
two of the following three criteria: it has the potential to
enhance athletic performance; it poses an actual or po-
tential risk to the athlete’s health; or its use is deemed to
violate the spirit of sport as defined by the WADC [8].

PEDs are banned because they violate these criteria.
In particular, the health risks to athletes are a matter of
public health. Depending on the substance, the dosage
and the duration of use, some PEDs have been proven
to have severe side effects and can cause irreversible
damage to an athlete’s body, including mental health
issues [9]. Indeed, most PEDs are drugs developed
with the aim to treat specific diseases, and the off-label
use in healthy subjects can induce short- and long-term
damages. For example, erythropoietin (Epo) employed
to treat anaemia resulting from chronic kidney disease
or in chemotherapy induced anaemia. The intake of
Epo in healthy subjects leads to “thick blood” and the

danger of thromboses, with the additional risk of heart
attack [10]. Another example is that of anabolic-andro-
genic steroids (AAS). In recent decades, there has been
an increasing interest in the long-term effects of AAS
abuse, due to accumulating evidence of their adverse
effect on physical [11-14] and mental health [15-17].
As described above, doping affects both elite and ama-
teur (or recreational) athletes. The latter are arguably
the most exposed to the health risks associated with
the use of PEDs, as they do not have access to teams
of experts (doctors, athletic trainers, physiotherapists,
etc.) and often resort to Do It Yourself (DIY) methods
or rely on hearsay. In line with public health principles,
governments have a duty to educate people about the
health risks of PED use. Combating doping is a public
health priority, tied to promoting sport and physical ac-
tivity to improve population well-being.

In 2014, the European Union (EU) Commission re-
viewed the evidence on policies to address doping in
recreational sports, due to concerns about its use among
amateur athletes [18]. Along with legislative measures
and controls, this review concluded that doping preven-
tion in recreational sports relies primarily on education
and information. In EU, several countries have imple-
mented bans on doping. For example, some European
countries (e.g., Austria, France, Italy, Sweden, Germa-
ny) introduced national legislation that punishes the use
of a substance included in WADA prohibited list, while
many more countries have also enacted sports-specific
legislation that punishes the possession, the supply or
distribution and the administration or prescription of
WADC prohibited substances (e.g., Finland) (https://
www.coe.int/en/web/sport/adg-reports).

ENHANCED GAMES AND PHYSICIANS

In the field of public health, healthcare professionals
have a fundamental role to play in terms of their profes-
sional responsibilities, such as acting with competence,
honesty and integrity, and complying with regulations.
They also play a key role in health promotion, educating
and raising awareness among the population about the
importance of health and healthy behaviours. One of
the key challenges in diagnosing and treating doping-
related conditions is the clandestine and illegal nature
of substance use, which can result in severe disciplin-
ary consequences for athletes. Consequently, individu-
als rarely voluntarily disclose such use, even when ex-
periencing adverse effects that prompt them to seek
medical attention from an endocrinologist or another
specialist. Physicians should be highly vigilant towards
patients engaged in intense physical training, regardless
of whether they are amateurs or professionals. Given
this population elevated risk profile, the possibility of
doping-related complications should always be consid-
ered as part of the differential diagnosis, regardless of
the initial reason for consultation [19].

The health risk is arguably the most significant con-
cern in the context of enhanced games, as it conflicts
with a cornerstone of medical ethics: the principle of
primum non nocere (i.c., first, do no harm). Since no drug
is entirely free of risk, physicians must, above all, avoid
causing harm when selecting a therapy. Accordingly, in
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treating any illness, they should prioritize interventions
associated with the fewest adverse effects, based on a
careful assessment of the risk-benefit ratio. This prin-
ciple applies to the treatment of sick patients. However,
PEDs are not used to cure illness; rather, they are drugs
taken by otherwise healthy individuals with the sole aim
of improving athletic performance. This creates an ethi-
cal paradox for physicians who agree to assist athletes
in doping. In this context, the position of FIMS is un-
equivocal: the medical care of athletes must be ground-
ed in three core principles, i.e., scientific analysis, as-
sessment of the individual physical condition, and the
protection of health (www.fims.org/about/code-ethics/).

ENHANCED GAMES AND THEIR IMPACT
ON YOUTH

It is important to note that encouraging elite athletes
to publicly endorse the use of prohibited and poten-
tially harmful substances sends a dangerous message,
particularly to young people. This message suggests
that success in sport is not achieved through hard work
and dedication, but rather through pharmacological
shortcuts. This narrative poses serious ethical concerns.
Sports physicians are especially alarmed by the health
risks associated with drug use among young, aspiring
athletes: they are particularly concerned that young
people will be exploited in the quest for fame and for-
tune, and by the allure of the enhanced games [1].

Elite athletes can exert a powerful influence on ado-
lescents’ purchasing decisions, lifestyle choices, and
overall engagement in sport. Teenagers who regard
athletes as role models are more likely to emulate their
behaviours, including mimicking consumption patterns
and expressing greater interest in sport-related activi-
ties. This influence is amplified by adolescents’ sensitiv-
ity to trends and their active engagement with media
and advertising featuring sports celebrities [20].

The motivational climate shaped by elite athletes,
coaches, and peers plays a central role in determining
adolescents’ motivation, self-esteem, and enjoyment in
sport. Coaches and peers are particularly influential in
adolescence, affecting effort, enjoyment, and perceived
competence, while parental influence diminishes with
age [21]. The broader social environment — including
the attitudes and behaviours of elite athletes — can thus
contribute to the development of either adaptive or
maladaptive motivational patterns among youth [21,
22].

DISCUSSION AND CONCLUSIONS

Physical activity and exercise participation are associ-
ated with a wide range of benefits to mental and physi-
cal health. Nonetheless, the health-enhancing proper-
ties of physical activity and exercise can be offset by
certain behaviours, such as the use of PEDs. Whereas
the use of PEDs is highly regulated by sports authorities
governing competitive sports and has been considered
as a cheating behaviour and a danger for health, the
enhanced games appear to challenge and overturn long-
established norms and ethical standards traditionally
associated with sporting conduct. The issue of athletic
enhancement, whether pharmacological or technologi-

cal, raises complex and open questions that cannot al-
ways be answered unequivocally, even by experts. For
instance, who should be held responsible for the use of
PEDs? Should the athlete be held solely responsible, or
should coaches, doctors, federations, sponsors and the
sports system itself also be held responsible? In many
cases, doping is structural in nature, meaning it is en-
couraged by a system that prioritises victory over ethical
limits [6]. A modern whole rounded approach needs to
consider doping not only as a violation of sporting rules,
but also as a threat to one’s own health. It is somehow a
form of addiction that affects individuals and communi-
ties and is supported by crime. In this context, doping is
not only considered a sporting violation or a risk factor
for an individual’s health, but also a disease of society,
affecting society and acting against it [23].

Initially planned for Australia in 2024, following
Paris 2024 Olympics, enhanced games have now been
scheduled to take place in May 2026 in USA. Reactions
from the sporting world have been extremely negative,
highlighting the dangers of encouraging PEDs. How-
ever, unless the event is cancelled in the coming weeks,
it is set to take place. On their website, the organisers
state: “We are on a mission to redefine super human-
ity through science, innovation and sports” effectively
opening the door to transhumanism and raising ethi-
cal, social and philosophical questions about what it
means to be human. Should we see the body as a limit
to be overcome, or as a boundary to be respected? This
is the first time that sporting competitions have been
proposed, promoted and implemented in which the use
of doping is openly accepted and, indeed, it is actively
encouraged. The potential impact on civil society and
the world of sport is unknown.

It is known that a model for health promotion focuses
attention on both individual and social environmental
factors as targets for health promotion interventions.
This model assumes that appropriate changes in the
social environment will produce changes in individuals,
and that the support of individuals in the population
is essential for implementing environmental changes
[24]. Conversely, it is highly likely that inappropriate
changes in the social environment can produce inap-
propriate changes in individuals. What impact do en-
hanced games have on social perceptions of the body
and health? Can they exert cultural pressure on young
people and amateur athletes, thereby influencing risky
behaviour or drug use? It is well known, for example,
that AAS are associated with addiction [25]. However,
it is doping itself that can induce phenomena similar to
addiction in those who practise it. Indeed, the positive
effects of a victory and the negative effects of a failure
make the practice of doping almost like a drug itself
[6]. In light of the promotion and spread of enhanced
games, what effective awareness-raising measures could
health professionals implement?

As described above, the WADA exercises preventive
control and imposes disciplinary sanctions on athletes
who violate the provisions of the WADC but regarding
enhanced games, should states intervene to counteract
the idea that the use of PEDs is socially acceptable for
improving sporting performance or body image?
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Enhanced games raise several unresolved questions
related to the protection of public health in general, and
athlete health in particular. What should health promo-
tion professionals do in light of the advertisement of an
event like this? It is essential that medical profession-
als, psychologists and healthcare workers in the broader
sense, as well as institutions at various levels, consider
the potential social and health risks associated with the
practice of enhanced games, with the aim of under-
standing its impact on population and implementing
appropriate countermeasures.
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Abstract

Well-designed population-based seroepidemiological studies can be useful to refine esti-
mates of infectious agent transmission and disease severity, thus representing an impor-
tant component of epidemiological surveillance. However, the interpretation of results
may be hampered by heterogeneous data quality and the lack of standardized methodol-
ogy in some cases.

The development and use of highly sensitive and accurate tools, refined over the past
decades, have facilitated the study of current and past exposure to infectious agents in
target populations. In particular, seroepidemiological studies provide a detailed overview
of past and current infection burdens (i.e., respiratory infectious diseases), helping to
identify high-risk groups and biomarkers of disease severity. They also help to understand
the evolutionary dynamics of the disease over time, providing crucial information on
its spread and community impact. Investing time and resources in seroepidemiological
studies is essential, not only for monitoring the population’s immunological status, but
also for implementing strategies that promote public health and predict future infectious

Key words
e seroepidemiology
e infectious diseases

diseases scenarios.

Emerging and re-emerging infectious diseases pose
a global threat to public health (https:/www.who.int/
news-room/fact-sheets/detail/the-top-10-causes-of-
death). Every year, frail individuals, elderly, and people
with comorbidities are the main victims and carriers of
serious complications [1]. Epidemiologic investigations,
combined with the use of laboratory techniques, are es-
sential to study the transmission of pathogens causing
infections in humans, the emergence of new viral vari-
ants, host-virus interactions, and the influence of the
environment on the spread of pathogens, for example,
viruses. They are also important to identify the main risk
factors in the population and for implementing targeted
intervention strategies [2, 3]. The systematic collection
and analysis of blood samples from a target population
sample may permit the study of the distribution and de-
terminants of infection or the impact of vaccination. Se-
roepidemiological data can reveal the prevalence and/
or the incidence of infections in a population, in order
to monitor the emergence of new pathogens and/or the
re-emergence of old pathogens and their transmission
rate, and to evaluate immunization programs and the
level of community immunity [4].

One of the main advantages of seroepidemiological
techniques is their ability to utilize biological samples,
such as serum samples, routinely collected for clini-
cal or diagnostic purposes. This approach permits the
minimization of both costs and logistical complexity
because, by creating databases with clinical and de-
mographic data on a large number of individuals, it is
possible, for example, to retrospectively identify and
select the desired target population without the need
to prospectively recruit participants exclusively for the
study.

The opportunity to collect and analyse serum samples
has also facilitated the conduct of more in-depth studies,
since the analysis of the level of IgG and IgM antibodies
in response to exposure to specific pathogens may en-
able to distinguish between an acute or recent infection
and a response to a previous infection [5]. In general,
the immune response to pathogens is initially expressed
with an increase in IgM antibody titer and subsequently
with an increase in IgG antibody titer. The strength of
using antibody-based techniques is represented by the
high sensitivity and specificity of the methods, as anti-
bodies rapidly detect the presence of antigens, even at
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low concentrations, and their molecular structure allows
them to precisely recognize and bind to specific parts of
a pathogen’s antigen with high affinity.

Subjects are classified as seropositive or seronega-
tive based on antibody levels above or below a speci-
fied threshold, or as seroconverted following increases
in antibody levels above a predefined threshold be-
tween two time points. A bias in the interpretation of
serological status data relative to a defined threshold
could be due to sensitivity and specificity in defining
seroconversion, declining antibody levels over time,
or cross-reactivity within or between pathogens of the
same species [6].

Furthermore, high IgG titers allow the detection of a
past infection regardless of the development of symp-
toms, and the presence of different types of antibod-
ies, some directed against a vaccine target and others
against the target of natural infection, permits the dif-
ferentiation between post-infection and post-vaccina-
tion. The ability to test for different antibodies on the
same sample facilitates the simultaneous examination
of antibody response [7].

The tests employed in the seroepidemiological stud-
ies can present limitations, including low specificity
that can lead to false-positive results, or even low sen-
sitivity that can lead to false-negatives, and cross-reac-
tivity. The analytical limitations related to test perfor-
mance have been partially overcome by technological
advances.

To obtain good results from a seroepidemiological
study, a solid study design and a proper selection of the
target population are necessary. Defining the study's ob-
jectives is another prerequisite, as it is crucial to decide
whether to choose a longitudinal or a cross-sectional
study design. The former, i.e., seroincidence study,
involves the follow-up of a given cohort of individuals
for months or years, allowing to determine the rate at
which they develop antibodies over time. These studies
are useful for estimating infection rates and identifying
some of the factors that may contribute to an increase
in the risk of infection. This latter design is also called
a “seroprevalence study”, and is used to determine the
percentage of people with antibodies against a specific
pathogen at a given time [8]. Obviously, longitudinal
studies are more expensive and have the disadvantage
of potentially losing a percentage of participants over
time. However, cross-sectional studies can be useful
for obtaining a snapshot of population immunity at a
specific time, although they do not provide information
on cause-effect relationships or changes in individuals’
immune status over time.

Another possible limitation of seroepidemiological
studies may be due to bias in the selection of the popu-
lation sample [9]. It is important to emphasize that the
sample must be representative of the target population,
possess certain demographic and clinical characteris-
tics, and be randomly selected. Furthermore, determin-
ing the appropriate sample size is also of fundamental
importance in the design of any seroepidemiological
study, as it can influence both the level of precision
and the statistical power of the study results. An inad-
equately sized sample can lead to inaccurate estimates

and a reduced ability to detect real associations; con-
versely, an excessively large sample size can lead to an
unnecessary increase in overall cost and complexity of
the research [10]. A well-designed seroepidemiological
study can offer significant advantages.

For example, a seroprevalence study conducted
in five municipalities of the autonomous province of
Trento, Northeastern Italy, during the COVID-19 pan-
demic, provided a better understanding of the extent of
viral circulation and contributed to the estimate of the
proportion of asymptomatic infections. Its purpose was
to estimate the number of people exposed to SARS-
CoV-2 virus and assess the spread of the infection. This
study revealed a higher number of seropositive individ-
uals compared with reported cases, likely due to a high
proportion of people with mild or asymptomatic disease
or who had not been tested. It also demonstrated that
the youngest age groups had higher seroprevalence,
and that symptoms such as anosmia and ageusia were
strongly associated with the presence of antibodies
[11].

In another study, data on IgG antibodies against
SARS-CoV-2 spike protein suggested that children were
significantly less likely to be infected than adults, useful
data for providing infection control policy planning [12].

Seroprevalence studies can be used to study various
pathogens and can support the formulation of public
health strategies. In the context of vaccine-preventable
pathogens, an example can be found in a study con-
ducted on an unexpected increase in meningococcus
serogroup C, Sequence Type (ST)11 and clonal com-
plex (cc)11, in the Tuscany region of Italy few years ago
[13]. In this case, the study was conducted to further
investigate and obtain evidence that could explain the
dynamics that led to the sudden increase in meningo-
coccal serogroup C disease and to identify population
groups at highest risk of infection. The results suggest-
ed a significantly higher incidence of cases compared
to previous years with the C:P1.5-1,10-8:F3-6:ST-
11(cc11) meningococcal strain as predominant and a
particular incidence in the 20-29 age group. Informa-
tion on vaccination status suggested that the protec-
tion provided by a single dose may be inconsistent in
some cases.

In the United Kingdom (UK), a 2014 national se-
rological survey of population immunity identified the
rapid decline in immunity after infant and toddler im-
munization as well as the low proportion of teenag-
ers protected against meningococci of serogroup C
(MenC) invasive disease around the time the adoles-
cent vaccination programme was introduced [14].

As described, seroprevalence studies provide a precise
picture of past and recent infections, allowing estimates
of the extent of spread of human pathogens such as vi-
ruses or bacteria. If properly designed and conducted,
these studies can provide important support for public
health strategies. To maximize their benefits, it is essen-
tial to follow standardized epidemiological and serologi-
cal protocols that may facilitate comparisons between
studies (over time and space), allow for accurate data
analysis, and support the response to emerging and re-
emerging infectious threats.




aee -

Anita Muglia and Paola Stefanelli

Conflict of interest statement
The Authors declare that there are no conflicts of in-
terest.

REFERENCES

1. Cui C, Timbrook TT, Polacek C, Heins Z, Rosenthal NA.
Disease burden and high-risk populations for complica-
tions in patients with acute respiratory infections: a scop-
ing review. Front Med. 2024;11:1325236. doi: 10.3389/
fmed.2024.1325236

2. Murphy FA. Epidemiology of viral diseases. Encyclope-
dia of Virology. 1999:482-7. doi: 10.1006/rwvi.1999.0085

3. Burrell CJ, Howard CR, Murphy FA. Epidemiology of
viral infections. Fenner and White’s Medical Virology.
2017:185-203. doi: 10.1016/B978-0-12-375156-0.00013-
8

4. Jiles R, Klevens M, Hughes E. Surveillance and seroepi-
demiology. In: Kaslow R, Stanberry L, Le Duc, ] (Eds).
Viral infections of humans. Boston, MA: Springer; 2014.
doi: https://doi.org/10.1007/978-1-4899-7448-8_4

5. Li Y, Yang HS, Klasse PJ, Zhao Z. The significance
of antigen-antibody-binding avidity in clinical diag-
nosis. Crit Rev Clin Lab Sci. 2025;62(1):9-23. doi:
10.1080/10408363.2024.2379286

6. Hay JA, Routledge I, Takahashi S. Serodynamics: A
primer and synthetic review of methods for epidemio-
logical inference using serological data. Epidemics.
2024;49:100806. doi: 10.1016/j.epidem.2024.100806

7. Haselbeck AH, Im J, Prifti K, Marks F, Holm M, Zell-
weger RM. Serology as a tool to assess infectious disease
landscapes and guide public health policy. Pathogens.
2022;11(7):732. doi: 10.3390/pathogens11070732

8. Deichsel A, Miinch LN, Laky B. AGA research com-
mittee. Study designs, levels of evidence, and scientific
bias. Arthroskopie. 2024;37(4):224-31. doi: https:/doi.
org/10.1007/s00142-024-00681-y

9. Alexander L, Lopes B, Richetti-Masterson K, Yeatts KR.

Received on 8 September 2025.
Accepted on 18 November 2025.

10.

11.

12.

13.

14.

ERIC Notebook — Selection bias. Durham, NC: Univer-
sity of North Carolina; 2015.

European Centre for Disease Prevention and Control.
Sample size guidance for surveillance data. Stockholm:
ECDC; 2023.

Stefanelli P, Bella A, Fedele G, Pancheri S, Leone P,
Vacca P, Neri A, Carannante A, Fazio C, Benedetti E,
Fiore S, Fabiani C, Simmaco M, Santino I, Zuccali MG,
Bizzarri G, Magnoni R, Benetollo PP, Merler S, Brusaf-
erro S, Rezza G, Ferro A. Prevalence of SARS-CoV-2 I1gG
antibodies in an area of northeastern Italy with a high
incidence of COVID-19 cases: a population-based study.
Clin Microbiol Infect. 2021;27(4):633.e1-633¢7. doi:
10.1016/j.cmi.2020.11.013

Comar M, Benvenuto S, Lazzerini M, Fedele G, Barbi
E, Amaddeo A, Risso FM, Strajn T, Di Rocco P, Ste-
fanelli P, Rezza G. Prevalence of SARS-CoV-2 infection
in Italian pediatric population: a regional seroepidemio-
logical study. Ital ] Pediatr. 2021;47(1):131. doi: 10.1186/
$13052-021-01074-9

Stefanelli P, Miglietta A, Pezzotti P, Fazio C, Neri A,
Vacca P, Voller F, D’Ancona FP, Guerra R, lannazzo S,
Pompa MG, Rezza G. Increased incidence of invasive
meningococcal disease of serogroup C/clonal complex 11,
Tuscany, Italy, 2015 to 2016. Euro Surveill. 2016;21(12).
doi: 10.2807/1560-7917.ES.2016.21.12.30176

Findlow H, Campbell H, Lucidarme J, Andrews N, Lin-
ley E, Ladhani S, Borrow R. Serogroup C Neisseria men-
ingitidis disease epidemiology, seroprevalence, vaccine
effectiveness and waning immunity, England, 1998/99
to 2015/16. Euro Surveill. 2019;24(1):1700818. doi:
10.2807/1560-7917.ES.2019.24.1.1700818


https://doi.org/10.1007/978-1-4899-7448-8_4
https://doi.org/10.1007/s00142-024-00681-y
https://doi.org/10.1007/s00142-024-00681-y

Ann Ist Super Sanita 2026 | Vol. 62, No. 1: 9-12
DOI: 10.4415/ANN_26_01_03

COMMENTARY

New demands for digital and Al skills

in health occupations: a few perspectives
for the future of the Istituto Superiore

di Sanita (ISS)

Alessandro Palombo!, Enrico Alleva: and Carlo Petrinis

1Centro Nazionale Intelligenza Artificiale e Tecnologie Innovative per la Salute (IATIS), Istituto Superiore
di Sanita, Rome, Italy

>Centro di Riferimento per le Scienze Comportamentali e la Salute Mentale, Istituto Superiore di Sanita,
Rome, Italy

sUnita di Bioetica, Presidenza, Istituto Superiore di Sanita, Rome, Italy

Abstract

The OECD Report “Digital and Al skills in health occupations: What do we know about
new demand?” published in 2025 analyses the impact of digital technologies, Al, and | ¢ ethics

advanced robotics on health occupations across OECD (Organisation for Economic | * health occupations
Co-operation and Development) countries, with a particular focus on Canada, United

Kingdom, and United States. Drawing on the analysis of more than 55 million online

job postings (2018-2023), the study examines trends in the demand for digital skills and

classifies health occupations according to their susceptibility to automation or augmen-

tation. Conclusions indicate that, while a limited share of roles faces automation risks,

a variety of health professions are expected to benefit from forms of task augmentation.

The report highlights the need for tailored policies on lifelong training, data governance,

and human-centred bioethical approaches to ensure the sustainable integration of Al

Key words
e artificial intelligence

into healthcare systems.

The OECD Report “Digital and Al skills in health
occupations: What do we know about new demand?”
published in 2025 [1] explores the impact of digital
technologies and artificial intelligence (Al) on health
occupations across OECD (Organisation for Economic
Co-operation and Development) countries, focusing on
the way these innovations can support health workers
amid rising demand for healthcare services, providing
three key empirical contributions. It analyses about 55.5
million online job postings (OJPs) from Canada, UK
and USA, tracking the demand for digital and AT skills
in health-related jobs between 2018 and 2023. It also
identifies specific digital and Al skill requirements for
various health functions, revealing emerging priorities
such as Health Information Management, Telehealth,
and Cybersecurity. Finally, it evaluates the potential ef-
fects of Generative Al (GenAl) and Advanced Robotics

(AR) on health occupations, classifying roles based on

their susceptibility to automation or augmentation. Re-
sults indicate that while some job types face automation
risks, most professions stand to benefit from productiv-
ity-enhancing advancements, depicting the relevance of
targeted reskilling policies and continuous training to
maximise Al benefits integration in healthcare, ensur-
ing that technological progression complement rather
than displace health professionals and their reasoned
choices.

Such a volume categorises health jobs into four main
groups based on their susceptibility to automation by
these technologies (yet it misses some relevant perspec-
tives, such as the Asian ones): low risk of automation,
potential augmentation, potential automation, and
high risk of automation. Low risk occupations consist in
tasks mainly involving complex human interactions and
decision-making, high-risk ones involve a large share of
routine, automatable tasks (physical, cognitive or both).
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Job roles where augmentation is or seems possible could
witness efficiency gains in a limited number of tasks
through automation, while other responsibilities remain
difficult to render automatic. Potential automation, by
contrast, refers to occupations where GenAl and/or AR
can replace numerous tasks, potentially transforming
the nature of the occupation at hand; however, some
tasks still fully necessitate human expertise.

Based on information from the United States, occu-
pations with potential for augmentation, such as Regis-
tered Nurses and Physician Assistants but also Family
medicine physicians, seem to benefit significantly from
digital technologies enhancing human capabilities.
For these roles, continuous, long-last in training in ad-
vanced medical technologies, including EHR systems
and telemedicine, is a basic to maximize the benefits of
technological integration.

Other occupations as Orderlies and Medical Tran-
scriptionists, face significant automation threats due
to emerging developments that integrate GenAl into
intelligent robots and other even less sophisticated
automated systems. Policy measures should focus on
reskilling these workers and providing career mobility
to minimize displacement.

Following these results, this study further assesses the
proportion of health employment in the

USA that would be susceptible to augmentation or
automation. The study indicates significant variation in
automation potential across health roles, with 32% of
employment stratified under potential augmentation.
Approximately 4.3% of roles, such as Pharmacy Techni-
cians, are on the contrary identified as potentially au-
tomatable. The high automation risk category, includ-
ing roles like Orderlies and Medical Transcriptionists,
range at around 0.6% of the health workers as a whole.
The results highlight how the integration of GenAl and
Advanced Robots will likely reshape employment pat-
terns but that most of such a relevant impact may be
channeled through a positive enhancement of the indi-
vidual capabilities of existing health workers.

As a whole, the analysis attempts to monitor the
evolving landscape of digital and Al related skills in the
health sector across Canada, UK and the USA. The
study leverages data from millions of OJPs to track the
longitudinal change of the demand for digital com-
petencies, including GenAl and those related to the
interaction with Advanced Robots, and their progres-
sive integration into the various typologies of health
occupations.

Results for the USA indicate that its health sector ex-
hibits a significant demand for digital skills, mainly in
areas such as Health Information Management/Medi-
cal Records, Computer Science, and Data Analysis.

The adoption of Al in niche roles, such as the very
often mentioned Al-driven diagnostic tools in radiolo-
gy, also underlines the transformative potential of such
new technologies. The UK demand for digital skills like
Cybersecurity, Data Analysis, and Clinical Informatics
reflects the health sector effort to integrating advanced
technologies in order to ameliorate patient care and op-
erational efficiency. The demand for clinical informat-
ics skills underlines the importance of managing and

analyzing clinical data to profitably support decision-

making processes. In this integration resides the core

problem today. Canada has a more stable (yet growing)

demand for digital skills in health occupations, with a

notable emphasis on Health Information Management/

Medical Records, Computer Science, and Data Analy-

sis. The increased need for data collection and clinical

informatics competencies points to the focus on lever-
aging data.

The analysis identifies several health occupations
with high potential for augmentation and automation
through Al and the use of Advanced Robotics. Howev-
er, some of USA tasks of Registered Nurses and Physi-
cian Assistants are likely to be augmented by Al and
AR, increasing their productivity and efficacy. These
roles could also benefit from enhanced digital literacy
and competencies related to advanced technologies,
such as Al-integrated diagnostic tools and telehealth
platforms. In particular, robotic systems, theoretically
can handle tasks such as cleaning, sterilising, and pre-
paring medical instruments, thereby reducing manual
workload and enhancing operational efficiency. These
technologies may possibly enable health staff to focus
on more complex, patient-centred activities, (includ-
ing psychological empathic bonding) improving over-
all health delivery, but the steady advancement in Al
and AR will fruitfully lead to further automation which
could bring significant impacts on employment pros-
pects.

The need for targeted policy interventions facilitating
the current digital transformation of the health work-
force will in final conclusion entail:
¢ investment in training and education remains para-

mount;

o if the digital transition and the adoption of new Al
technologies has to benefit the largest number of peo-
ple everyone, policymakers must address the digital
divide by providing resources and support to under-
served areas, ensuring that all health providers can
leverage the benefits of digital and Al technologies;
the same applies to taking care of minorities, disabled
and in general vulnerable sets or stratified subsets of
human population;

o data protection and security are also a priority.

The document fits into a time and context in which
Al is the focus of attention worldwide and its applica-
tions are pervasive in every field. Various authorita-
tive international institutions have recently addressed
similar topics, including, for example: the World Health
Organization (WHO), the International Labour Organ-
isation (ILO), the Council of Europe (CoE), the World
Medical Association (WMA) and others.

From an ethical point of view, there are recurring is-
sues in the various perspectives, such as: responsibility,
dignity, fairness, equality, non-discrimination, confiden-
tiality, sustainability, self-determination, inclusiveness,
safety, etc. These cross-cutting criteria must then find
appropriate specific concrete applications for the vari-
ous areas of application in the health professions: it is
clear that data analysis software and a robot used in
personal care are not equivalent and require different
considerations.



DiGITAL AND Al SKILLS IN HEALTH OCCUPATIONS

Particular attention must be paid to the impact of
new technologies in the health professions, which typi-
cally involve direct contact with the people being cared
for. In such circumstances, one of the main recommen-
dations expressed by the World Medical Association in
the WMA Statement on Artificial and Augmented In-
telligence in Medical Care (adopted by the 76th WMA
General Assembly in October 2025) is particularly sig-
nificant. The WMA places the notion of “augmented”
among the key principles of the Declaration: “The term
signals a human-centred approach to Al - one that re-
inforces the physician’s role as the final decision-maker.
Rather than viewing Al as a replacement, augmented
intelligence frames these tools as extensions of clinical
expertise, designed to support — not replace — profes-
sional judgement, empathy, and responsibility”.

These are issues in which legal, deontological, and
ethical considerations are closely intertwined. Signifi-
cant in this regard, for example, is the “right to human
interaction”, which is currently the subject of particular
attention.

One of the report’s main strengths lies in its meth-
odological design. The use of granular job posting data
allows for cross-country comparability and the identifi-
cation of fast-growing skill clusters, such as Health In-
formation Management, Telehealth, Cybersecurity, and
Clinical Informatics. The distinction between clinical
health occupations and other occupations within the
health sector further enhances analytical clarity, high-
lighting how digital transformation is progressing more
rapidly in non-clinical and support functions than in di-
rect patient care roles.

The report also makes a notable contribution by ad-
dressing the potential impact of Generative Al and
advanced robotics on health occupations. The findings
suggest that, while a limited share of roles may face au-
tomation risks, the majority of health occupations are
more likely to experience forms of task augmentation,
with digital technologies enhancing productivity rather
than replacing human labour.

At the same time, the review highlights several
conceptual and interpretative limitations. Most no-
tably, the reliance on OJPs as a proxy for technologi-
cal transformation captures only part of the ongoing
changes in healthcare work. Al adoption increasingly
occurs within existing workflows, embedded in clinical
decision-making tools, monitoring systems, and admin-
istrative processes, without being explicitly mentioned
in recruitment requirements. As acknowledged in the
report itself, this dynamic risks underestimating the ac-
tual penetration and influence of Al in clinical practice,
particularly in public health systems and regulated care
environments.

Furthermore, while the automation vs augmenta-
tion framework represents a methodological choice, it
remains largely abstract and insufficiently contextual-
ized. Moreover, it poses significant ethical issues: all the
major reference documents recommend great caution
towards the complete replacement of human activity
with Al. Convergent agreement states that man has to
remain “in the loop”, not “on the loop” and even less
“out of the loop”. The analysis does not fully engage

with key healthcare-specific dimensions such as pro-
fessional accountability, regulatory constraints, ethical
considerations, and the cognitive workload associated
with human-Al collaboration. In clinical settings, the
feasibility and acceptability of automation are shaped
not only by technical capability, but also by medico-
legal responsibility, trust, and the centrality of profes-
sional judgement and other factors that are difficult to
capture through task-based scoring alone.

From a policy perspective, the report’s recommenda-
tions are necessarily broad. Emphasis on continuous
training, reskilling, and skills development is appropri-
ate, yet the discussion would benefit from deeper en-
gagement with system-level governance issues. These
include health data governance, integration of Al into
care pathways, organisational redesign, and differenti-
ated strategies across hospital, primary care, commu-
nity-based, and long-term care settings. Without such
integration, skills-based analyses risk remaining discon-
nected from the operational realities of healthcare de-
livery.

Looking forward, the main trajectories of clinical
technological development point towards the progres-
sive integration of Al-enabled decision support sys-
tems, predictive analytics, digital diagnostics, and re-
mote monitoring tools directly into clinical workflows.
These technologies are expected to support earlier di-
agnosis, personalised treatment, continuity of care, and
preventive approaches, while increasing the need for
systemic capabilities rather than isolated digital skills.
In this context, the challenge is not merely technologi-
cal adoption, but ensuring that innovation reinforces
clinical reasoning, ethical responsibility, and human
oversight within increasingly complex socio-technical
systems.

The recent establishment of the National Centre Arti-
ficial Intelligence and Innovative Technology for Health
(Centro Nazionale Intelligenza Artificiale e Tecnologie
Innovative per la Salute, CN-IATIS - Istituto Superiore
di Sanita, ISS) emerges within this evolving landscape
as a response to the need for integrated, human-centred
innovation in healthcare. The Centre is positioned as
a platform for applied research, experimentation, and
capacity building at the intersection of clinical practice,
digital technologies, and health system governance. By
focusing on the responsible development, evaluation,
and implementation of Al-driven solutions, the IATIS
Centre aims to bridge the gap between technological
potential and real-world clinical and organisational im-
pact, supporting health systems in translating innova-
tion into sustainable improvements in quality of care
and system resilience.

Overall, the OECD Report represents a robust and
informative contribution to the analysis of digital and
Al-related skills in healthcare. As a descriptive labour
market study, it provides valuable insights for workforce
planning and training policies. Its findings, however, are
best interpreted as a starting point rather than a com-
prehensive account of healthcare transformation, and
should be complemented by process-oriented, clinical,
and governance-focused analyses to fully capture the
implications of Al for health systems.
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Abstract Key words
The integration of artificial intelligence (Al) is rapidly transforming healthcare, enhanc- | © artificial intelligence
ing accuracy, personalizing care, and streamlining administrative tasks. The report pub- | ¢ healthcare professions

lished in May 2025 by the OECD (Organization for Economic Co-operation and De- | ¢ automation
velopment) offers a taxonomy of health roles based on their susceptibility to automation ! e risks
through GenAl and robotics, ranging from low risk (e.g., physicians) to high risk (e.g.,

orderlies, transcriptionists). While Al augments many routine clinical tasks, roles requir-

ing complex judgment and empathy remain largely human-driven. Key concerns arise

from the potential uncritical adoption of these evaluations, which fragment healthcare

roles and risk overlooking their integrative, relational nature. Additionally, industry-led
implementation of Al may undervalue frontline clinical expertise and ethical consider-

ations. To ensure responsible integration, multi-stakeholder strategies such as the Euro-

pean Pact for Skills and targeted upskilling initiatives are essential. Policymakers must

guide Al adoption to redesign roles and education in ways that empower the workforce

without sacrificing the core values of care.

The integration of artificial intelligence (AI) into
healthcare is rapidly transforming practice. Al enhanc-
es accuracy, enables treatment plans personalization,
and administrative tasks streamlining. Al-driven tools
have demonstrated potential in reducing the adminis-
trative and cognitive burdens that contribute to clini-
cian burnout [1].

Despite these advancements, the adoption of Al in
healthcare raises significant concerns. A study high-
lights the importance of addressing these ethical and
safety challenges to ensure that Al technologies are
developed and deployed responsibly [2]. A paper ex-
ploring the implications of Al for the nursing workforce

emphasizes the need for strategic planning to manage
these transitions effectively [3]. The Food and Drug
Administration (FDA) recently announced the adop-
tion of “Elsa”, a GenAl tool designed to “help employ-
ees, from scientific reviewers to investigators, work
more efficiently”  (https://www.fda.gov/news-events/
press-announcements/fda-launches-agency-wide-ai-
tool-optimize-performance-american-people).

In this context, the last OECD Report from the arti-
ficial intelligence papers series (May 2025) [4] presents
a data-driven taxonomy of health roles based on their
susceptibility to automation through GenAl and ad-
vanced robotics (AR). Jobs are classified into four risk
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categories: low risk, potential augmentation, potential
automation, and high risk.

Low-risk occupations include roles that demand com-
plex decision-making, interpersonal care, and ethical
judgement. These are exemplified by physicians in gen-
eral practice, psychiatry, and oncology. The inherently
human dimensions of empathy, diagnostic reasoning,
and shared decision-making seem to spare these roles
from full automation, even as Al tools increasingly sup-
port clinical workflows.

Reportedly augmentable roles such as registered
nurses and physician associates are characterized by a
blend of routine and high-stakes tasks. While elements
like triage, documentation, and remote monitoring are
already enhanced by Al systems, many tasks like pa-
tient interaction still demand a human presence.

On the other hand, roles with reported high potential
for automation include pharmacy technicians, radio-
logic technologists, and laboratory technicians. These
positions involve highly structured, repetitive tasks
susceptible to automation by Al-based image recogni-
tion, diagnostic platforms, and robotic dispensing sys-
tems. The OECD estimates that about 4.3% of the US
health workforce falls into this “potential automation”
category.

Finally, reportedly high-risk occupations such as or-
derlies and medical transcriptionists are described as
replaceable by process automation tools and speech-to-
text systems, with 0.6% of such health roles present in
the US in 2025.

Some considerations seem necessary. The reasoning
and methodology behind automatability scores assigned
to healthcare occupations, while allowing for a detailed
analysis, risk fragmenting healthcare roles into discrete
functions and ignoring the integrative, relational, and
holistic nature of care, potentially underrepresenting
many critical aspects of healthcare work, such as clini-
cal intuition, ethical decision-making, and emotional
intelligence. If not properly translated into healthcare
workforce skilling and employment processes, this scor-
ing could produce more harm than benefit.

Another significant concern regards how Al adoption
appears predominantly driven by private technology de-
velopers and healthcare solution providers, potentially
undervaluing key experiential insights and ethical con-
siderations from frontline healthcare professionals. This
industry-led adoption risks prioritizing technological
capabilities over patient care instances and workforce
well-being. It is therefore imperative for policymakers
to proactively ensure responsible and inclusive Al inte-
gration in the healthcare sector.

In this regard, initiatives such as the European Pact
for Skills [5], promoting a multi-stakeholder approach
to upskilling and reskilling, offer a valuable model. The
decision of the European Public Health Association
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In conclusion, the digital transformation of health-
care is real, present, and risks becoming uneven. The
Report provides crucial empirical evidence that health
occupations are experiencing divergent exposure to au-
tomation and augmentation. These differences, deeply
rooted in task complexity and clinical context, must in-
form all future policy on health workforce development.
Avoiding obsolescence is not enough. We must invest
in redesigning roles, workflows, and education to build
a digitally empowered, Al-ready health workforce, one
that harnesses the power of technology without sacrific-
ing the human complexities or health care.
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Abstract Key words
Introduction. This paper summarizes the conclusions of the Expert Consensus (EC) | ¢ regenerative medicine
on the use of platelet-rich plasma (PRP) in regenerative medicine. The initiative aimed | ® platelet-rich plasma
to promote appropriate and effective clinical use of PRP based on current scientific evi- | ® Expert Consensus
dence and expert experience. The main objectives are: to define a flexible operative range

for PRP, allowing for personalized application; to establish principles for standardized

clinical practice.

Methods. The methods used to develop this EC involved the scientific literature review,

the data quality assessment, the evaluation of practical experiences, the critical summary

of reviewed literature, the development of questions for expert panel and the drafting of

consensus statements.

Results. Recommendations emphasize compliance with legislation, proper device use

and operator training. Adequate platelet load is essential for therapeutic efficacy; platelet
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recovery should be considered as quality standard. PRP has demonstrated effectiveness
in managing diabetic and venous ulcers, osteoarthritis, and tendinopathies, although
variability in protocols and inconsistent reporting limit the strength of evidence. Emerg-
ing applications include vasculitis, mucositis, and urogenital conditions, although further

research is needed.

Conclusions. The EC encourages multicentre research, strict publication standards, and
international collaboration to strengthen scientific foundations for PRP use in regenera-

tive medicine.

INTRODUCTION

In recent years, the use of platelet-rich plasma (PRP)
has seen significant advancements and has been applied
across numerous clinical scenarios. Platelets serve as a
critical reservoir of soluble mediators, including cyto-
kines and growth factors. Upon activation, platelets
release these molecules, which act locally to promote
tissue repair processes and modulate immune and in-
flammatory responses. Recently, it has been shown that
activated platelets also release extracellular vesicles rich
in various molecules, including miRNAs, and transfer
functional mitochondria to other cells, thus sustaining
all the processes of tissue regeneration [1-4]. This has
formed the basis for the use of platelet concentrates in
various medical and surgical applications.

In Italy, the use of PRP is regulated by law (Minis-
try of Health Decree, published in the Official Gazette
“Gazzetta Ufficiale” on December 28, 2015, n. 300, and
amended on August 1, 2019). The decree mandates a
platelet concentration of 1x10¢/pL +20% in the final
product.

In 2012 Italian Society of Transfusion Medicine and
Immunohematology (Societa Italiana di Medicina
Trasfusionale e Immunoematologia, SIMTI) guidelines
referred to this concentration range (Raccomandazi-
oni SIMTI sugli emocomponenti per uso non trasfu-
sionale, available from: https://www.aovr.veneto.it/
documents/20182/286958/Raccomandazioni+SIMTI.
pdf/93e9ba10-931b-49b7-a26d-412b78f56{73); how-
ever, based on reported references, the concentration
is not explicitly indicated as a mandatory standard, but
rather as an observed value.

One of the earliest documented uses of PRP was in
maxillofacial surgery [5], where a minimum platelet
concentration of 1x10s/puL +20% was established as the
baseline threshold for efficacy.

In 2016, the Cochrane Database [6] on platelet con-
centration mentioned: “Because most individuals have a
baseline blood platelet count of 200,000 (+75,000)/uL, a
platelet count of 1 million/uL has been postulated as the
ideal therapeutic dose of PRP”. This statement refers to
Marx’s 2004 work as the sole bibliographic source [7].
In vitro studies have demonstrated a correlation be-
tween platelet concentration and activation, and the re-
sulting levels of growth factors [8]. Other studies have
explored the efficacy of various platelet concentrations
on different cell types (endothelial cells, fibroblasts,
mesenchymal stem cells) in terms of proliferation, vas-
culogenesis, and motility [9-12]. Nevertheless, specific
studies on tenocytes have indicated better outcomes at
lower platelet concentrations (500,000/pL) [13]. Thus

the “regenerative” effect of platelet appears to be de-

pendent on cellular targets.

It is important to emphasize that PRP is a biologi-
cal product classified as Substance of Human Origin
(SoHO), and treatment based on SoHO have been
recently regulated by the European Union (Regulation
EU 2024/1938 of the European Parliament and of the
Council of June 13, 2024, on standards of quality and
safety for substances of human origin intended for hu-
man application, which repeals Directives 2002/98/EC
and 2004/23/EC). PRP is characterized by significant
variability in platelet content and soluble factors. Inter-
individual variability depends on platelet endowment
and possible pathological conditions (e.g., platelet dys-
functions or systemic diseases) that may affect platelet
features. Despite potential platelet dysfunction, several
cases of patients with such conditions have benefited
from autologous PRP treatment, suggesting that al-
tered platelet function does not necessarily compromise
treatment efficacy [14]. Additionally, plasma molecule
concentrations (e.g., growth factors, cytokines) may
vary depending on lifestyle, metabolic conditions, and
inflammatory states [15, 16]. Finally, the clinical con-
text in which PRP is applied (e.g., tissue type, damage
extent, and local inflammation) represents another im-
portant variable, needing personalization of therapeutic
plans. Factors such as delivery method, concentration
and volume, number of applications, intervals between
treatments, and synergistic approaches (e.g., hyaluronic
acid, antibiotics, ozone therapy, photobiomodulation)
should be carefully tailored.

While encouraging results in PRP applications have
been reported, key issues remain:
® variability in platelet production and activation pro-

cesses due to different commercial devices;

e difficulty comparing studies in the literature due to
methodological inconsistencies;

¢ insufficient sample sizes in many studies, limiting ro-
bust statistical comparisons;
poorly designed studies that are often incomparable.
Thus, acknowledging the complexity of PRP applica-

tions in regenerative medicine, this Expert Consensus

(EC) aims to:

o define operational “freedom” within minimal evi-
dence-based ranges for current indications;

e establish clear methodological models for significant
and comparable scientific studies to enrich autolo-
gous PRP use as an adjunct therapy;

¢ address production, biological qualification, and stor-
age challenges to suggest practices aligned with exist-
ing regulations;
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e guide the development of standardized operating
procedures based on best clinical practices.

This document seeks to serve as a rigorous and shared
reference for practitioners in the field. It does not claim
to be definitive but rather represents a step in the ongo-
ing evolution of regenerative medicine and its integra-
tion with other synergistic methodologies under devel-
opment.

METHODS
The methods used to develop this EC involved the

following steps:

e scientific literature review: examination of recent pub-
lications using scientific databases such as PubMed,
Scopus, and others;

¢ data quality assessment: evaluation of data quality
based on critical analysis of study results and biblio-
metric indices (e.g., citation count, journal Impact
Factor);

e cvaluation of practical experiences: consideration of
real-world applications and expert experiences in the
field;

e critical summary of reviewed literature: synthesis of
findings from the analysed studies into a comprehen-
sive critical summary;

¢ development of questions for expert panel: formula-
tion of targeted questions to be addressed by a panel
of experts;

e drafting of consensus statements: preparation of
statements reflecting agreement among the experts
based on evidence and discussion.

RESULTS
Critical evaluation of PRP preparation techniques

Clinical PRP preparations enable the local delivery
of active molecules (e.g., >300 growth factors and cy-
tokines) to injured tissues. Preparation methods signifi-
cantly influence PRP quality and efficacy, particularly
platelet yield. Double-spin techniques typically yield
higher concentrations and superior platelet capture
rates than single-spin systems [12, 17]. Recent ap-
proaches emphasize the load of platelets applied, mea-
sured as absolute platelet count, enabling better stan-
dardization and outcome reproducibility.

These considerations might explain why conflicting
results have been published regarding PRP therapy:
specifically, in studies that used protocols with low col-
lection volumes, single-spin methods, and low capture
rates, the insufficient number of administered platelets
might have compromised adequate management. An-
other complication for standardization is the deliberate
or accidental inclusion or exclusion of the leukocyte
component, as it introduces highly active biological
variables in the repair process, such as involvement in
angiogenic and inflammatory processes, which are criti-
cal for initiating and maintaining the reparative process
[18].

Recent scientific evidence has also demonstrated the
involvement of other blood components in coagulation
processes, inflammation modulation, and wound heal-
ing. Many studies have evaluated the clinical effects of
fibrin scaffolds, monocytes/macrophages [19, 20], and

stem cells [21, 22]. Some authors have clinically used
the application of whole blood clots, in which all blood
corpuscular elements are incorporated into a fibrin net-
work that facilitates cellular migration and modulates
the release of growth factors. Red blood cells, which
are almost completely excluded during centrifugation
to obtain PRP, play a role in coagulation, but little is
known about the potential therapeutic effects of whole
blood red clots and the role of red blood cells in the
healing process [23-26]. This highlights the need to
introduce additional parameters for classifying and
assessing the quality of PRP, particularly in terms of
presence of blood cell populations. A brief mention is
warranted regarding the long-term preservation of PRP,
which facilitates repeated treatments over time in au-
thorized facilities. Although platelet-derived growth
factors have a relatively short half-life, some studies
have demonstrated the efficacy of PRP in the form of
platelet lysates stored for nine months at -80 °C [27].
Future research should focus on identifying the optimal
temperature and time range for preserving sufficient re-
generative activity in PRP components.

Another aspect to evaluate is the type of anticoagu-
lant. EDTA alters platelet structure and function, caus-
ing irreversible damage with the destruction of platelet
granules [28]. Citrate-dextrose solution (ACD) has
been widely used in clinical practice for years. It has an
acidic pH [29, 30], which may induce pain and reduce
platelet functionality, and contains D-glucose, which
could facilitate inflammatory reactions [31]. However,
its dilution in blood and removal from PRP (particu-
larly in its platelet gel form) renders it safe, with no
significant pain reported from its use. Sodium citrate
(SC) has a basic pH [32, 33] and shows better platelet
recovery efficiency [34].

Overall, the literature reports mainly encouraging
findings with PRP in a wide spectrum of clinical con-
ditions; however, studies with negative or inconclusive
outcomes should not be disregarded. Despite the com-
plexity of the underlying biological mechanisms and the
heterogeneity of the treated pathologies, it is notewor-
thy that studies reporting limited efficacy frequently
utilized PRP preparations characterized by a low total
platelet content and, in most cases, a leukocyte-poor
composition.

Critical evaluation of PRP treatment in diabetic foot
ulcers

The use of autologous PRP in the treatment of dia-
betic foot ulcers has become standard practice and
represents a significant therapeutic tool. The literature
is rich in studies, most of which have been conducted
in developing countries, primarily India, Pakistan, Iran,
and Egypt. This trend likely reflects the high interest in
low-cost, self-prepared treatments in these regions, in
contrast to high-income countries, where the availabil-
ity of advanced wound care products reduces the incen-
tive for similar research. The literature includes [35-51]:
a double-blind randomized controlled trial (RCT) using
platelet lysate [37], open-label RCTs [39, 40, 44, 46-
49], non-randomized controlled studies [35, 36, 51], a
non-randomized controlled study comparing two PRP
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administration methods [43], case reports [45], case se-
ries [38], and prospective comparative studies between
patient subgroups [41, 42].

All studies included adult patients of both sexes. In
some cases, lower and upper age limits were specified.
To be included, ulcers had to be non-responsive to con-
ventional therapy. The definition of non-responsiveness
varied across studies and included ulcer durations ex-
ceeding from 4 weeks to 6 months [35-41]. In some
studies, the criteria for defining non-responsiveness
were not clearly specified [42], or the inclusion was
based solely on the presence of diabetic ulcers [43].
Some studies established additional inclusion criteria,
such as ulcer diameter [39, 43], area [37, 44], num-
ber [36, 40], or anatomical location [44]. Most studies
excluded ulcers involving tendons, bones, or ligaments,
as well as those with gangrene. Notably, some studies
also excluded patients undergoing anticoagulant or an-
tiplatelet therapy [38, 39, 42]. Thrombocytopenia or
platelet disorders were also exclusion criteria in several
other studies [37-41, 43].

Blood volumes used for PRP preparation ranged from
20 to 50 mL. All studies used sodium citrate or ACD
as anticoagulant. A two-step centrifugation process was
employed in nearly all studies, except for one that used
a single centrifugation step [45]. Most studies [35, 38,
41, 43] reported centrifugation time and rpm, or, less
frequently, time and acceleration (g-force). In some cas-
es, these parameters were not specified [36, 40]. One
study [39] used a specialized kit with syringes that fit
directly into a dedicated centrifuge and specified both
the duration and speed for double centrifugation. When
performed, activation was achieved using calcium glu-
conate [39, 40] or chloride [35, 45]. However, most
studies did not report the activation method or explicitly
stated that platelet concentrate was used without pre-
activation. Only a limited number of studies reported
platelet concentration in the final PRP product, noting
a low leukocyte content and thus clearly identifying the
product as P-PRP. Among these, one uncontrolled pro-
spective study [38] and two case reports [41, 45] docu-
mented a platelet concentration slightly above 1x10¢/
pL. The remaining studies did not specify either the final
platelet concentration or leukocyte content.

In some studies, PRP was injected perilesionally and
intralesionally without being used as a dressing over the
wound [36, 38, 42, 46]. One study involved only per-
ilesional injection [37], although it used platelet lysate
rather than PRP. The exclusive use of PRP as a topical
dressing — without injection — was reported in a large
group of studies [40, 41, 44, 47-50]. Other publica-
tions described combined application methods, with
PRP used both as a dressing and injected intra- and
perilesionally [39, 45]. A single prospective compara-
tive study included two non-randomized arms — one
receiving perilesional injections and the other receiving
topical PRP application (method of topical application
not specified). The study concluded that injected PRP
was superior [43]. A limited number of studies [38, 43]
specified the injected volume, which ranged from 0.4 to
10.2 mL. Another study that mentioned the volume (5
mL) used a platelet lysate instead of PRP [37].

Treatment is generally performed over multiple ses-
sions, with only one study reporting a single administra-
tion [41]. In studies where PRP was used exclusively
via injection, sessions were scheduled every two weeks
[36, 37] or every three weeks [38]. Only one study re-
ported a more frequent injection schedule — on days 1,
5, 10, and 20 [35]. Another study included two injec-
tions spaced three days apart [42]. In studies employing
both injection and topical dressing, the treatments were
administered concurrently, either weekly until complete
healing [45] or for up to four [43] or ten sessions [39].
In studies using PRP exclusively as a dressing, appli-
cations were typically twice per week for up to three
[48], eight [47], or twenty weeks [40]. One study did
not specify treatment duration [50], and only two stud-
ies used weekly dressing applications [41, 49]. Another
study did not indicate the timing at all [44]. The scop-
ing review by Kunder et al. [50] analysed this aspect
and found that twice-weekly applications appeared to
be more effective than once-weekly.

Excluding case reports, some studies did not clearly
define primary endpoints [36, 39, 41]. When specified,
primary endpoints were typically wound healing rates,
assessed either by the number of wounds completely
healed at the end of the observation period or by the
percentage reduction in wound area at study comple-
tion or during follow-up [35, 40, 42, 43, 47]. In one
study involving platelet lysate [37], the primary end-
point was safety, while secondary endpoints included
complete healing or wound status at 12 weeks.

Only a limited number of studies compared PRP
with a standard reference treatment. Studies compar-
ing PRP with other innovative wound therapies (e.g.,
adipose tissue grafts) or combined grafting techniques
were excluded. The reference treatment included:
platelet-poor plasma (PPP) [37], silver sulfadiazine
[48], dressings with or without collagenase [46], saline-
moistened gauze [36, 39, 40, 44], which corresponds to
the outdated wet-to-dry technique. Other studies generi-
cally referred to “standard treatment” [35, 51] or “anti-
septic dressing” [50]. None of the studies used modern
advanced dressings based on wound bed preparation
principles as a comparator.

Most controlled studies concluded that PRP treat-
ment was significantly superior to the control in terms
of number of wounds completely healed and degree of
wound surface area reduction (in non-healed wounds
or at specific observation times). One open-label RCT
[44], however, found no significant difference between
PRP and saline-moistened gauze.

The literature also includes several meta-analyses and
reviews [50, 52-59], all confirming the utility of autolo-
gous PRP in treating diabetic foot ulcers.

Su’s meta-analysis of 17 studies on diabetic foot ulcers
found that PRP was significantly more effective than
standard of care (OR: 2.11; 95% CI: 1.55 to 2.86). PRP
also appeared to significantly shorten complete healing
time (mean duration: —19.04 days; 95% CI: —-20.46 to
17.61) [52], Deng’s meta-analysis confirmed higher ef-
ficacy of PRP (RR: 1.42; 95% CI: 1.30 to 1.56; p<0.001)
[54], OuYang’s review supported this (OR: 4.37; 95%
CI: 3.02 to 6.33; p<0.001) [55]. Meznerics’ meta-
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analysis, which included ulcers of different aetiologies,
showed PRP superiority in the diabetic ulcer subgroup
(OR: 2.26; CI: 1.50 to 3.41; 12=12%), though the effect
was less marked than in venous ulcers. No significant
difference was observed between injectable and topical
PRP (though this was based on all ulcer types) [57]. Qu’s
meta-analysis, also covering ulcers of various aetiologies,
reaffirmed PRP’s superiority [58]. Thanigaimani's net-
work meta-analysis, which included three trials on dia-
betic ulcers of various types, also supported PRP efficacy
(RR: 9.69; 95% Crl: 1.37 to 103.37) [56]. Finally, Platini
et al., confirmed the superiority of topically applied PRP
gel over controls, identifying Wagner grade 2 (RR=2.12,
95% CI: 1.01 to 0.44; p=0.05) and grade 3 (RR=1.36,
95% CI: 0.70 to 2.64; p=0.37) ulcers as the stages where
PRP treatment is most beneficial [53].

The review by Napit et al. [59], which analysed 7
studies (4 of which were on diabetic ulcers), noted that
none of the studies reported hazard ratios (HR). Deng’s
meta-analysis [54], which included 19 studies, found a
statistically significant reduction in healing time com-
pared to conventional treatment (MD=-3.13 days, 95%
CI: -5.86 to -0.39, p<0.001). Similarly, Ou Yang’s re-
view [55] reported a significant result (MD=-3.21 days,
95% Cl: =3.83 to —2.59, p<0.001).

Napit [59] highlighted the heterogeneity in how heal-
ing rates were reported across the 7 studies analysed.
While a trend toward faster healing in the PRP group
emerged, the heterogeneity prevented statistical pool-
ing or definitive conclusions. Platini [53], in his meta-
analysis on topical platelet gel, found a 16.97-day re-
duction in wound duration (95% CI: -32.64 to -1.29;
p<0.00001). However, no statistically significant differ-
ence was found when wound duration was expressed
in weeks (MD=-5.60 weeks, 95% CI: -18.92 to 7.72;
p=0.41). The authors concluded that PRP accelerates
tissue growth, but its effect on healing time may not
emerge clearly due to high study heterogeneity.

Napit's review [59] noted that, except for one study,
no healing occurred in control groups, making statis-
tical comparison infeasible. Deng’s meta-analysis [54]
showed a significant reduction in wound area with
PRP compared to controls (MD=1.02, 95% CI: 0.51
to 1.53, p<0.001). Meznerics et al. [57] found PRP to
be superior to controls in the diabetic ulcer subgroup
(SMD=-0.68, 95% CI: -1.31 to -0.06; 1?>=93.64%).
Qu’s meta-analysis [58], which included both autolo-
gous and homologous PRP, also found a significant
reduction in ulcer area (SMD=1.37, 95% CI: 0.91 to
1.82; 12=22.1%) and no difference between autologous
and homologous PRP. In contrast, OuYang [55] did not
find a statistically significant reduction (MD=5.67, 95%
CI: -0.77 to 12.11; p=0.08). Platini [53] concluded that
no consistent evidence exists for a significant wound
area reduction using topical PRP gel.

Babaei et al. [41], in a prospective comparative study,
assessed PRP efficacy on ulcers of varying sizes. All
wound sizes benefited from PRP, but statistically sig-
nificant differences in healing times were observed be-
tween smaller wounds (2 to 5.5 cm?) and larger wounds
(8.5 to 12.5 cm?). Thus, supporting the use of PRP es-
pecially in smaller lesions.

Overall, both controlled and uncontrolled studies in-
dicate that PRP is safe when used either by injection
or as topical dressing. Deng’s meta-analysis [54] found
no significant difference in adverse events [35-37, 39,
42, 44-46]. Only one study [48] noted a minor local
injection-site irritation. A study using injectable plate-
let lysate [47] reported minor adverse events such as
injection site pain, local oedema, infection, bleeding,
redness, and warmth. No adverse events were reported
in studies using topical PRP as a dressing [40, 41, 44,
47-50].

Meznerics [57] hypothesized a protective effect of
PRP against infection, though no quantitative analysis
was conducted. Finally, Platini et al. [53] found stan-
dard treatment to be associated with higher infection
risk than PRP at week 1 (RR=0.56, 95% CI: 0.34 to
0.91; p=0.02) and week 2 (RR=0.13, 95% CI: 0.02 to
0.04; p=0.01). However, over time, differences became
non-significant.

In addition, no significant difference in amputation
rates was found in most of the studies analysed.

However, Deng found PRP to be associated with re-
duced risk (RR=0.35, 95% CI: 0.15 to 0.83; p<0.001)
[54]. In Platini’s meta-analysis [53], the amputa-
tion rate was significantly higher in the control group
(MD=0.36, 95% CI: 0.16 to 0.84; p=0.02).

Opverall, the available literature on the use of PRP
in diabetic foot ulcers is characterized by substantial
heterogeneity, particularly in the criteria used to define
chronic or non-healing ulcers. Inclusion thresholds vary
widely, encompassing lesions as recent as four weeks to
ulcers persisting for up to six months, thus limiting the
comparability of study outcomes. Patient selection also
differs, with some studies excluding individuals on an-
ticoagulant or antiplatelet therapy, or those with plate-
let disorders, likely due to concerns about interference
with platelet activation or the risk of hematoma forma-
tion, even though such medications are common in the
diabetic population due to associated cardiovascular
risk. The preparation of PRP is inconsistently reported
and varies significantly, ranging from single centrifuga-
tion procedures reliant on operator expertise to com-
mercial kit-based protocols. This procedural variability
undermines reproducibility and reduces the evidentiary
strength of the findings, though the safety profile re-
mains generally favourable. Crucial methodological
details such as initial and final platelet counts and in-
jection volumes are often omitted, preventing accurate
calculation of the administered platelet load, which is
increasingly recognized as a fundamental parameter
influencing biological activity. The mode of PRP ad-
ministration also differs, with injectable formulations
currently appearing more effective than topical ones, al-
though comparative data are limited and frequently lack
key technical specifications, such as platelet concentra-
tion and activation status. The frequency and volume of
administration are inconsistently reported, further com-
plicating assessment of therapeutic impact. Notably, no
studies have incorporated platelet-rich fibrin, which
could offer enhanced fibrin stability. The overall qual-
ity of study designs remains suboptimal, with a scar-
city of double-blind randomized controlled trials; most
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evidence derives from non-blinded or non-randomized
trials, which carry higher risk of bias. Moreover, control
group treatments often rely on outdated standards such
as saline-soaked gauze, especially in low-resource set-
tings, and the specifics of standard care are frequently
underreported. Endpoints and outcome measures vary
widely across studies, ranging from ulcer healing rates
and area reduction to healing time, without standard-
ized definitions. This variability significantly hampers
cross-study comparisons and the synthesis of data in
systematic reviews or meta-analyses.

Critical evaluation of PRP treatment in venous
ulcers

The use of PRP in the treatment of venous ulcers is
generally reserved for hard-to-heal wounds, which show
no signs of healing despite the application of all thera-
peutic procedures established by international guide-
lines.

The types of studies reviewed included [60-72]: ran-
domized controlled trials (non-blinded) [63, 67], ran-
domized controlled trials comparing two administration
routes [62, 70], non-randomized controlled studies,
where the control was a second ulcer in the same pa-
tient [65], and case series [66, 72]. Additionally, three
studies [60, 61, 64] labelled as prospective controlled
trials provided detailed individual patient descriptions
but lacked statistical analysis; they can therefore be
considered extended case series (dual case series).

One study [60] included only patients with reflux lim-
ited to the superficial venous system, but it focused on
comparing two treatment approaches to venous insuffi-
ciency — “modern” (latest advances in dressings and sur-
gery) vs “traditional” — thus its findings are not suitable
for comparison with other studies. Another study [61]
included ulcers measuring >2 cm? and <100 cm? Some
studies also reported ulcer age as an inclusion criterion:
6 weeks [62], 12 weeks [61], or 6 months [63].

Exclusion criteria, when specified, included throm-
bocytopenia [61] (<150,000 PLT/mm3), treatment with
anticoagulants or antiplatelet agents [63], immunosup-
pressants [64], corticosteroids [61], concomitant arte-
rial disease, diabetes, infection [63, 64], exposed bone
or tendon [63], among others.

Blood volumes for PRP preparation are often unspec-
ified; when reported, the standard amount is around
30 ml. Sodium citrate or ACD is used in all studies
(though not always explicitly stated). A double-spin
protocol is employed in all studies that describe the
method [62-64], usually reporting duration and revo-
lutions per minute (rpm) or relative centrifugal force
(g). Two studies reported 10% calcium chloride at a 1:4
ratio [62, 64] for PRP activation; one study did not acti-
vate the PRP [63], and others did not specify activation
protocols. Only one prospective comparative study [64]
reported the platelet concentration in PRP, which was
5.4 times the baseline level, although leukocyte content
was not measured despite labelling the product as P-
PRP. In this study, platelet concentration was slightly
above 1x10s PLI/pl. All other studies did not report fi-
nal platelet or leukocyte concentrations.

In several studies PRP was injected perilesionally and

intralesionally, without topical application [60, 63, 65].
Exclusive use of PRP as a topical dressing without injec-
tion was commonly reported [61, 64, 66-69]. No study
investigated combined use (injection+dressing). One
prospective comparative study [62] included two non-
randomized arms: one received perilesional injections,
the other topical dressings (topical application method
not specified). Results showed a trend toward better
outcomes with injections. Notably, dressing changes
were performed biweekly in both groups, which may
have negatively affected the topical PRP group. An-
other study [70] comparing the two administration
methods found no significant difference between in-
jection and topical groups overall, but topical PRP was
more effective in diabetic patients, while injection was
preferable for chronic, fibrotic ulcers. Histopathologi-
cal findings were similar between the two groups [70].
None of the included studies reported the volume of
PRP administered. In studies using topical PRP, dress-
ing changes were generally performed weekly for vary-
ing durations: up to six weeks [70, 71], nine weeks [68],
or one year [64]. One study [61] performed a single
application. Many studies did not specify timing. In a
comparative study [62], treatment was given every two
weeks for a total of 8 sessions, which may have limited
the effectiveness of the topical PRP.

Excluding case reports, some studies did not explic-
itly specify the endpoints [61, 63]. When endpoints
were defined [60, 62, 65, 68, 69, 71], primary outcomes
included wound healing rate, the number of wounds
healed by the end of the observation period, and the
percentage reduction in wound size during or at the
conclusion of the study. One comparative study be-
tween injectable and topical administration based its
endpoint on histopathological characteristics of the le-
sions [70].

It should be noted that studies comparing PRP with
other innovative dressings such as adipose tissue or
those associating PRP with grafting techniques were
excluded. The standard comparator treatment was
specified only in some cases: saline-soaked gauze [70],
petroleum jelly gauze [67], hydrocolloids [69], while
many studies generically referred to a standard treat-
ment without further detail [62, 63, 65, 68, 71]. One
study used a calcium chloride solution as control [64].
PRP treatment demonstrated superiority over controls
in all studies, for both injectable and topical forms. Di-
rect comparisons between these two methods yielded
mixed results: one study [63] found them substantial-
ly equivalent, while another [62] reported superiority
of the injectable form. However, the latter study per-
formed biweekly dressing changes, which may have dis-
advantaged the topical method.

A recent review selectively analysed data from ran-
domized controlled trials on venous ulcers, including a
total of 20 studies focusing on ulcers rather than pa-
tients [73]. It showed that PRP-treated groups had
higher complete ulcer closure rates than controls (OR
5.06, 95% CI: 2.35 to 10.89, 12=58%, p<0.01). Geo-
graphic subgroup analysis revealed no significant dif-
ferences between PRP and control in Asia-Pacific
(OR=3.94, 95% CI: 0.53 to 29.59), Europe (OR=1.46,
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95% CI: 0.63 to 3.37), or America (OR=1.00, 95% CI:
0.17 to 5.77), but significantly favoured PRP in Africa
(OR=14.26, 95% CI: 4.33 to 46.95). The positive effect
of PRP remained significant at <3 months (OR=9.40,
95% CI: 2.93 to 30.22) and >3 months (OR=2.66, 95%
CI: 1.27 to 5.58). Moreover, both injectable (OR=6.69,
95% CI: 3.14 to 14.24) and topical PRP (OR=4.24,
95% CI: 1.75 to 10.26) outperformed controls without
significant difference between them (%2=0.59, df=1,
p=0.44). PRP was more effective for both small (<10
cm?2 OR=8.72, 95% CI: 1.85 to 41.14) and large ulcers
(>10 cm2 OR=4.72, 95% CI: 1.68 to 13.29). Few stud-
ies assessed pain via VAS scale and only two were in-
cluded in the meta-analysis [73], with no significant dif-
ference between PRP and controls (MD=1.19, 95% CI:
-0.67 to 3.04, [2=52%). In addition, based on two stud-
ies, PRP shortened healing time compared to controls
(MD=-3.25 days, 95% CI: -4.06 to -2.43, 12=49%).
Recurrence rates, based on limited data, were not sig-
nificantly different (OR=0.16, 95% CI: 0.05 to 0.50,
[2=18%), nor irritant dermatitis was found (OR=0.38,
95% CI: 0.08 to 1.90, 12=0%) [73].

Opverall, the inclusion criteria for venous ulcer studies
are variable and generally do not exclude ulcers associ-
ated with post-thrombotic syndrome, while exclusion
criteria are more uniform and commonly encompass
pregnancy, breastfeeding, coagulation abnormalities,
corticosteroid use, immunosuppression, suspected neo-
plastic ulcers, recent transfusion, and circular ulcers.
The frequent exclusion of patients on antiplatelet or an-
ticoagulant therapy, often with the option of temporary
suspension, lacks a clearly stated rationale, despite the
high prevalence of such therapies in the elderly popula-
tion typically affected by venous ulcers. The methods
used to prepare PRP are frequently underreported, and
while double centrifugation appears to be the most
adopted technique, insufficient methodological detail
weakens the strength of evidence. Crucial parameters
such as baseline and final platelet counts, as well as the
volume of PRP administered, are rarely specified, pre-
venting accurate estimation of platelet dose per session
or across the entire treatment course. This gap may re-
flect limited expertise in blood component handling, es-
pecially when commercial kits are used without critical
assessment. Although maintaining a minimum platelet
concentration is important, the total platelet dose ad-
ministered is increasingly regarded as a more relevant
indicator of the biological effect. No substantial effica-
cy differences have yet emerged between injected and
topical PRP, although data remain limited. Topical PRP
typically requires activation to form a fibrin gel, which
is relatively unstable and may necessitate more frequent
applications. A comparison with platelet-rich fibrin,
which generates a more stable matrix via spontaneous
activation, would be of interest. Two non-randomized
comparative studies have attempted to evaluate injec-
tion versus topical use but lacked essential details such
as platelet concentration and delivery mode, underscor-
ing the need for well-designed, double-blind random-
ized trials. Most studies administered PRP once weekly,
though in one comparative study, biweekly injections
were employed — potentially disadvantaging the topi-

cal group due to rapid degradation of activated PRP
gels. The overall quality of the studies is limited by a
lack of high-level evidence, with most trials being non-
blinded or non-randomized. In several studies, saline-
soaked gauze was used as the control treatment, despite
its misalignment with contemporary wound care stan-
dards, likely due to resource constraints in lower-in-
come settings. Furthermore, standard treatments were
often poorly defined and failed to explicitly adhere to
principles of moist wound healing or wound bed prepa-
ration. Study endpoints were inconsistently reported,
further limiting the comparability and interpretability
of outcomes.

Critical evaluation of PRP treatment
in musculoskeletal disorders

The use of PRP in musculoskeletal disorders has been
widely debated over the years for various reasons, in-
cluding preparation methods, indications for treatment,
its efficacy compared to other biological and/or synthet-
ic preparations (hyaluronic acid - HA — and corticoste-
roids), the number of administrations, and regulatory is-
sues related to the manipulation of blood components.
Nevertheless, numerous randomized clinical trials and
systematic literature reviews almost unanimously sup-
port the efficacy of this treatment, particularly in pain
relief and functional restoration in patients with osteo-
arthritis (OA) and tendinopathies (Supplementary Table
1 available online).

In 2023, the ORBIT group of ESSKA (European
Society of Sports Traumatology, Knee Surgery and Ar-
throscopy) established a consensus regarding the use of
PRP in patients with osteoarthritis [74]. The consensus
includes level I and II studies, as well as prospective
studies and meta-analyses, supporting the safety and
benefits of PRP compared to both placebo and other
infiltrative treatments such as hyaluronic acid and cor-
ticosteroids. PRP has proven effective in patients with
mild to moderate knee OA (Kellgren-Lawrence — KL
<3) but offers less benefit in patients with KL 4 OA, for
whom it serves mainly as a palliative option in case of
refusal or contraindication to surgery.

The consensus also investigated the superiority of
PRP over glucocorticoid (GC) infiltrative therapy and
the different types of PRP preparations. Regarding
comparison with GCs, PRP demonstrated a longer-
lasting effect and a better safety profile on chondro-
cytes, since GCs, especially with repeated injections,
exhibit high toxicity. Compared to HA therapy, PRP
has a more prolonged efficacy, although the variability
of commercially available HA formulations may intro-
duce bias in the evaluated studies.

Based on several meta-analyses, the consensus was
unable to reach agreement on the optimal platelet con-
centration and/or quantity in the preparation or wheth-
er Leukocyte-Rich PRP (LR-PRP) or leukocyte-poor
PRP (LP-PRP) yields greater patient benefit, suggest-
ing that the beneficial effects of PRP are multifactorial,
complex, and not yet fully understood [74].

Thus, in Europe, ESSKA sought to clarify certain as-
pects of PRP use, while in 2021, the AAOS (American
Academy of Orthopaedic Surgeons) published an over-
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review confirming the clinical efficacy of PRP com-
pared to placebo but emphasized that PRP outcomes
are comparable to other infiltrative therapies, highlight-
ing the need for higher-quality studies to affirm PRP’s
superiority [75, 76].

Critical evaluation of PRP treatment in vasculitis,
mucositis, andrological and gynaecological disorders

Only few studies are available regarding the use of
PRP in vasculitis and mucositis. In 2021, a case report
described a 46-year-old female patient with leukocy-
toclastic vasculitis, a vasculitis with various aetiologies
affecting the skin and characterized by polymorphic
rash with erythema, purpuric skin lesions, necrosis, and
ulceration [77]. After 6 months of ineffective conven-
tional treatments, PRP therapy was started, and lesions
healed within one month. The frequency and applica-
tion modalities of PRP were not reported in this study.

Another study [78] is a pilot trial analysing the effi-
cacy of LP-PRP therapy in a group of patients with Be-
heet’s Disease (BD), a chronic immune-mediated vas-
culitis characterized by mucocutaneous ulcers, ocular
involvement, and vascular and neurological alterations.
Of 77 patients, only 12 were enrolled because patients
with ocular or neurological involvement, those on anti-
coagulants or immunobiological drugs, or without con-
sent were excluded. Enrolled patients were treated for
oral ulcers with nine 3 ml applications over 6 months,
with one-year follow-up. Results showed PRP promoted
an anti-inflammatory profile characterized by increased
regulatory T cells (Tregs) in plasma, decreased acti-
vated NK cells, and cytokine profile changes. Clinical
improvement was observed with reduced number and
faster healing of ulcers.

Several studies [79-81] analysed the efficacy of ho-
mologous PRP/Platelet Gel in treating oral mucositis
induced by chemotherapy and radiotherapy in onco-
logic patients. Chemo- and/or radiotherapy can cause
oral complications that severely affect quality of life by
interfering with essential activities such as eating and
communication. Oral mucositis is a frequent and severe
complication. PRP use in oral mucositis treatment ap-
pears effective in improving oncologic patients’ quality
of life.

A recent review [82] analysed numerous studies on
PRP, alone or combined with adipose-derived stem cells
(ADSC), for the treatment of genital female localized
Lichen Sclerosus (LS). Safety of PRP and/or ADSC
therapy was assessed, with adverse events limited to
mild and transient symptoms such as pain and oedema
at the injection site. Significant improvements in sub-
jective symptoms (itching, burning, dyspareunia, and
sexual function) were reported. Symptom improvement
allowed reduction or cessation of topical corticosteroids.

Although few studies exist, available evidence sug-
gests PRP therapy in inflammatory skin and mucosal le-
sions with difficult healing is effective. Literature shows
PRP, delivered in various ways, can rapidly repair oral
and oesophageal mucosal damage from the first appli-
cations, halt mucositis progression, reduce pain inten-
sity, and restore patients’ ability to feed (Supplementary
Table 2 available online).

PRP use for erectile dysfunction (ED) and Peyronie’s
Disease (PD) remains still investigational. Regarding
ED, 11 studies have enrolled men aged 30 to 75 years,
mostly poor responders to conventional oral pharma-
cotherapy. Only three were placebo-controlled [83-85],
with contradictory efficacy results but excellent safety
profiles. Despite methodological variability, current
studies show promising results in restoring responsive-
ness to phosphodiesterase type 5 (PDE5) inhibitors.
However, the absence of standardized operating proce-
dures renders outcomes highly dependent on the inves-
tigators’ expertise. Quantification of the platelet con-
centration administered per session remains necessary,
as both treatment intervals (ranging from 4 to 8 weeks)
and number of injections (ranging from one to three
or more) lack standardization. Notably, only the study
by Francomano et al. [86] identified mean platelet vol-
ume, measured preoperatively, as a potential biomarker
of therapeutic efficacy.

Patient selection deserves special attention, with
careful evaluation of ongoing therapies and comorbidi-
ties to maximize treatment efficacy. The main inclusion
criterion for ED should be the presence of a vasculo-
genic form, confirmed by dynamic penile colour Dop-
pler ultrasound following established protocols [87].
Most studies feature relatively short follow-up periods.

Regarding PD, few studies exist [88-93] and enrolled
heterogeneous populations in terms of age, plaques,
and deformity. Despite varying methodologies, studies
showed promising results in curvature improvement,
though techniques varied among authors. The main
inclusion criterion should be the absence of anticoagu-
lant therapy, recommending suspension for a suitable
period before the procedure if clinically safe. Currently,
evidence on PRP effects for all forms of ED is limited
and very limited for PD (Supplementary Table 3 available
online).

The use of PRP in female genital pathologies is also
still investigational. Regenerative medicine, particu-
larly PRP with its well-established regenerative, anti-
inflammatory, immunomodulatory, and angiogenesis-
stimulating properties, is well-suited for application in
gynaecology. However, recent studies describing PRP
use are limited. The main proposed indications include:
chronic pelvic pain (regardless of aetiology), stress
urinary incontinence, ovarian insufficiency (e.g., poor
ovarian reserve, symptomatic menopause, assisted re-
production scenarios) and endometrial disorders (e.g.,
failed implantation, recurrent early miscarriage, endo-
metritis).

In the last 5 years, several studies have been pub-
lished (Supplementary Table 4 available online). Current
literature and clinical experience highlight PRP’s util-
ity in gynaecology. Standardizing protocols and refining
patient selection will further strengthen the evidence
base.

Key clinical research questions

Q1. Does PRP preparation methodology affect product
quality?

Q2. Is there sufficient evidence that platelet concentra-
tion affects clinical efficacy?
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Q3. Are there robust data supporting specific PRP top-
ical and injectable protocols for defined patholo-
gies?

Q4. What clinical questions remain unanswered?

Expert answers
o Al: Influence of PRP preparation method on product

Based on a critical analysis of the literature and the
field experience of the expert panel participating in the
EC, it is considered that the type of procedure used
for product preparation may influence its yield. Numer-
ous devices are currently available for the preparation
of PRP for non-transfusional use, most of which are
based on the principle of centrifugal separation. Avail-
able evidence indicates that protocols involving double
centrifugation ensure a higher platelet yield. It should
be noted, however, that some of these methods are ex-
clusively available at transfusion facilities. The medical
devices (MD) available on the market and primarily
used in outpatient or non-hospital settings may produce
variable yields compared to the standard indicated in
the current transfusion law, which is 1x10¢/pl +20%. It
is emphasized that such medical devices must be com-
pliant with the medical device class defined by law, and
transfusion services are urged to verify the compliance
and to employ all necessary measures to ensure the safe
use of PRP by healthcare professionals.

Recent scientific literature has highlighted that, in
addition to the well-known action of growth factors
released by platelets, other mechanisms of intercel-
lular communication are involved in the regenerative
and anti-inflammatory effects of PRP. These include
the release of extracellular vesicles and the transfer of
mitochondria. The practical implication is that “viable”
platelets may retain greater regenerative and anti-in-
flammatory potential. Nevertheless, practical experi-
ence and the need to obtain enough platelets suggest
that freezing procedures for platelet-derived products
can still result in a clinically satisfactory effect.

* A2: Effect of platelet concentration on PRP efficacy
Several in vitro studies have indicated that the pro-
liferative and differentiative effects of PRP are cell-
specific and dependent on the platelet concentration
used. Some studies have reported that higher platelet
concentrations may paradoxically result in reduced ef-
fects compared to lower concentrations, following a
bell-shaped dose-response curve. With regard to hu-
man application, the concept of concentration should
be harmonized with that of “absolute quantity.” In
other words, in individuals with lower baseline platelet
concentrations, a larger blood volume may be required
to achieve an effective dose. Although the scientific
literature is not entirely consistent or easy to inter-
pret — due to incomplete information on preparation
methods and platelet concentrations — three interest-
ing studies [94-96] analysing numerous reports, identi-
fied an effective average quantity of 3.2 x10¢ platelets,
above which all positive results were achieved, while
below this threshold, almost all results were negative.
This could serve as a starting point for further targeted
studies on effective platelet load, tailored to specific

tissues/regions, to treat lesions based on their severity
and chronicity.

o A3: Evidence for protocol-specific PRP use

With regard to diabetic foot ulcers, the extensive
scientific literature — despite limitations in the overall
quality of studies — is generally consistent in supporting
the usefulness of PRP treatment, both when applied as
a topical dressing and when administered via peri- and
intra-lesional injections. Cutrently, limited evidence
suggests a possible superiority of the injectable form.

For venous ulcers, more evidence is available sup-
porting the use of PRP in topical form as a dressing,
whereas fewer studies have evaluated its peri- or intra-
lesional injection. These findings are consistent with the
recommendations issued by the Italian National Blood
Centre (Centro Nazionale Sangue, CNS) in the guide-
line Therapeutic indications for the use of blood components
for non-transfusional purposes — Third edition, June 2024
which supports the use of PRP in the treatment of both
diabetic foot ulcers and venous ulcers (in treatment
cycles of 12 applications), with a level of evidence rated
1B, without specifying a preferred route of administra-
tion (topical s injectable). It remains to be determined
whether PRF (platelet-rich fibrin, obtained through co-
agulation by contact with glass surfaces without addi-
tive agents) may offer similar or superior performance
compared to PRP.

Regarding orthopaedic applications, a review of
the scientific literature — further reinforced by recent
consensus conferences from ESSKA and AAOS - has
shown that PRP is effective in patients with mild to
moderate knee osteoarthritis (KL grade <3) but offers
limited benefit in KL grade 4 patients. PRP has also
demonstrated superiority over corticosteroid injections,
particularly in terms of the duration of therapeutic ef-
fects and safety profile with repeated treatments. Su-
periority over HA has also been reported, although
this comparison is affected by the heterogeneity of HA
formulations available. The role of leukocytes in PRP
preparations remains to be clarified.

These conclusions align with the CNS guidelines,
which recently recommended PRP for the treatment of
grade 1-3 osteoarthritis of the knee and hip, in treat-
ment cycles consisting of three applications, with a level
of evidence rated 1B. The level of evidence for PRP use
for other musculoskeletal conditions (ankle osteoarthri-
tis, pseudarthrosis, anterior cruciate ligament lesion/
reconstruction, patellar tendinopathy, epicondylitis in-
filtrative treatment, Achilles tendon inflammation, rota-
tor cuff injury) has been rated 2B.

As for the use of PRP in andrological conditions (ED
and PD), in the treatment of vasculitis and mucositis
— including those induced by chemotherapy and radio-
therapy in cancer patients — and in female genital dis-
orders (chronic pelvic pain, stress urinary incontinence,
ovarian insufficiency, endometrial pathologies), the sci-
entific literature remains limited. Nevertheless, despite
the small number of published studies, there is broad
clinical practice supporting the efficacy and applicabil-
ity of PRP in these fields. Further research is needed to
establish standardized treatment protocols.
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o A4: Unanswered research questions
The scientific literature shows significant heterogene-

ity regarding PRP preparation methods. The variability

is largely attributable to the use of different devices de-
veloped by the industry. These systems, involving mini-
mal manipulation, are designed to simplify the produc-
tion of platelet concentrate, particularly for users who
may lack the manual expertise of transfusion medicine
specialists in handling blood products.
Several important issues remain to be clarified:
1.identification of patient-related predictors of clinical
outcomes. For example, in the case of diabetic foot
ulcers, outcome predictors should consider the rela-
tive contribution of ischemic, neuropathic, and infec-
tious components — the three main pathogenic fac-
tors involved in lesion development and persistence.
Regarding ulcer severity as a prognostic indicator, it
would be important to confirm that Wagner grade 1
and 2 lesions show the best therapeutic response. For
venous ulcers, it would be necessary to assess blood
count parameters and the role of deep or superficial
venous insufficiency in lesion development and main-
tenance;

2.identification of outcome predictors related to the
PRP product itself, such as the concentration of spe-
cific growth factors or other bioactive mediators;

3.comparison of PRP efficacy with other innovative
therapeutic approaches, including advanced wound
dressings, synthetic and biological scaffolds;

4., determination of optimal platelet amount, both per
session and across the entire treatment cycle, as no
definitive clinical data are currently available to estab-
lish the most effective total platelet load;

5. clarification of the preferred mode of administration
— injection versus topical application;

6.identification of the optimal interval between treat-
ment sessions (both injectable and topical), and the
total number of sessions required based on specific
pathologies;

7.validation through robust clinical trials of PRP use in
less-established applications such as mucositis, vascu-
litis, ED, PD, stress urinary incontinence, and fertil-
ity disorders.

Recommendations from the SIMCRI Expert
Consensus Group

In line with previous recommendations and based
on the clinical and laboratory experience of the work-
ing group members, it has been deemed appropriate to
define shared criteria for clinical assessment and PRP
preparation procedures. The dual objective is to en-
hance the therapeutic efficiency of PRP according to
the underlying pathology and to promote personalized
treatment strategies.

Inspired by the TIMERS framework used in wound
care, a dedicated checklist protocol — TAMIS (Tissue,
Area, Method, Inflammation/infection, Scheduling) — is
proposed to support the clinical use of PRP. The TA-
MIS protocol guides clinicians in evaluating the follow-
ing parameters:

e Tissue: identify as bony (e.g., orthopaedic, dental) or
soft (e.g., skin, mucosa, muscle);

Area: define the surface area to be treated;

Method: choose application mode - e.g., topical gel,
injectable (intra-tissue, intra-articular), aerosol, mu-
cosal/ocular;

¢ Inflammation/infection: determine if adjunct medica-
tion is needed (simultaneous or sequential);
Scheduling: define single dose vs cycle, number of
sessions, intersession interval, and follow-up mainte-
nance.

The TAMIS parameters serve both as a practical tool
for guiding clinical decision-making and as a standard-
ized framework for comparing outcomes across scien-
tific studies.

Patient assessment must comply with national regula-
tions concerning the preparation and use of autologous
blood components (MoH Decree, 2 November 2015;
updated 1 August 2019). For instance, local health au-
thorities in Italy (e.g., USL Toscana, Emilia-Romagna,
Veneto, Lazio) have established eligibility criteria, in-
cluding:

e platelet count >100x10%/puL in prior 3 months (Tos-
cana, EmiliaRomagna, Veneto);

e exclusion if platelet count <120x10%/uL (Lazio);

e must avoid platelet-interfering medications 5 days
before sampling (EmiliaRomagna, Lazio);

¢ exclude poorly controlled diabetes, active chemo-
therapy, coagulopathies, immunodeficiencies, immu-
nomodulatory treatment (Lazio).

It should be noticed that the total number of blood
components remains constant in a closed system, re-
gardless of processing. Therefore, while plasma volume
may be reduced during PRP preparation, the absolute
number of platelets remains dependent on the initial
volume of whole blood drawn.

To standardize platelet evaluation, the efficiency of
recovery should be calculated for each device:

Vol.PRP x PLT,
Vol.Blood x PLT,,,,

Recovery efficiency % =

An efficiency of 50% (0.5) is generally considered ac-
ceptable.

To obtain a desired quantity of platelets (Desired
Platelet Quantity, DPQ), the following equation can be
applied:

DPOQ

Volume to draw =

PLT, 0 x Recovery efficiency

Example:
To obtain 3.2x 109 platelets in a patient with 300x103
platelets/pL (0.3x10%mL) and assuming a 60% ef-
ficiency, the required blood volume is:

Volume to draw = =17.77 mL

0.3x0.6

This example, along with others, is outlined in Table 1.
Treatment area, application site, and method (topical
vs injectable) should be considered when determining
the desired platelet load, in accordance with the TAMIS
protocol. For instance, 25 cm? HA sheets soaked with
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Table 1

Practical example of calculation for whole blood volume to be drawn

Patient PLT count (PLT/pL) Recovery efficiency (%)

150,000 60
200,000 70
300,000 60

1.8 mL of PRP have demonstrated therapeutic efficacy

in ulcer treatment [8].

It should be noted, however that a desirable platelet
content has to reach a concentration factor of 4-5x, in
order to minimize the volumes, particularly for injective
procedures in musculoskeletal disorders.

When using devices that employ thixotropic gel, at-
tention must be paid to the gravitational weight and
composition of the gel, which may influence the final
PRP volume and concentration [97].

It is essential to promote a culture of regenerative
medicine that encourages researchers to report all pa-
rameters potentially influencing treatment outcomes.
Scientific journals should sensitize their peer reviewers
to demand comprehensive reporting of platelet con-
centrate preparation protocols. Researchers must be
encouraged to conduct randomized, multicentre, dou-
ble-blinded trials capable of generating robust scientific
evidence.

To this end, scientific publications should ideally in-
clude the following information:

1. device used, centrifugation time and temperature,
and centrifugal force (g);

2. platelet concentration in the patient’s baseline whole
blood;

3. platelet concentration in the final product;

4. volume administered, including:

— injectable form: volume injected in peri- or intra-

lesional locations;

— topical form (dressing): volume applied topically;

5. type of dressing used; for topical application, details
of any secondary dressing;

6. additional devices applied (e.g., orthoses, low/high-
stiffness bandaging, compression stockings with
specified compression level).

Below are reported specific recommendations for
PRP use in selected pathologies (schematically illus-
trated in Figure 1):

e the use of PRP for the treatment of diabetic foot ul-
cers is a safe procedure. For non-primarily ischemic
diabetic ulcers without active infection and without
bone or tendon exposure (Wagner grades 1-2), PRP
treatment is recommended with a relatively high level
of evidence. For more severe non-primarily ischemic
diabetic ulcers (Wagner grades 3-4), the literature is
scarce; however, the available evidence suggests po-
tential efficacy of the treatment, so PRP use is not
discouraged;

e the correct approach to treating venous ulcers is
based on hemodynamic correction of venous insuffi-
ciency, both deep and superficial, typically via elastic
compression (which applies counterpressure against

Target PLT quantity (x10°) Required blood volume (mL)

32 35
3.2 18
32 18

transmural pressure) or varicose vein treatments
in various forms. If the lesion fails to respond satis-
factorily to these treatments, regenerative medicine
techniques such as PRP become relevant. The use of
PRP for venous ulcer treatment is a safe procedure.
The predominant literature supports topical (dress-
ing) use on lesions, while data on injectable treatment
are currently too limited to establish comparative ef-
ficacy. Therefore, topical PRP use is recommended
for venous ulcers, but injectable intra- or peri-lesional
PRP is not contraindicated;

a large body of scientific literature, supported by
international consensus, currently supports PRP as
a consolidated therapeutic option for various mus-
culoskeletal conditions. Comparisons with other in-
jectable therapies (corticosteroids and HA) do not
disadvantage PRP. Its use is therefore recommended,
particularly for mild to moderate osteoarthritis and
various tendinopathies;

Figure 1

Platelet-rich plasma (PRP) in regenerative medicine. Schematic
representation of objectives, recommendations and clinical
applications. Image design was created with Artificial Intelli-
gence support (ChatGPT, OpenAl).
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¢ few studies in the scientific literature describe evi-
dence of PRP use in problematic conditions such as
various mucositis, all reporting satisfactory results.
However, randomized controlled trials are lacking.
Given the nature of lesions and the lack of definitive
alternative therapies, PRP use is not discouraged if
patient conditions permit;

e regarding andrological disorders, PRP use for ED and
PD appears safe. It is not discouraged, especially for
vasculogenic ED unresponsive to PDE5 inhibitors.
Evidence for PD treatment is less clear; injection site,
number of injections, and intervals are yet to be stan-
dardized. PRP use is not discouraged for stabilized
PD without pain and/or ED;

e for some gynaecological disorders (chronic pelvic
pain, stress urinary incontinence, ovarian insufficien-
cy, endometrial pathologies, unsuccessful assisted re-
production or recurrent miscarriages), although ran-
domized controlled trials are absent, evidence does
not discourage PRP use.

CONCLUSIONS
Ethical considerations

The use of PRP within the context of regenera-
tive medicine raises important ethical questions that
require thorough reflection. First and foremost, it is
essential to ensure that this therapy is applied in full
respect of the principles of autonomy and informed
consent, guaranteeing that patients receive clear and
comprehensible information about the benefits, risks,
and available alternatives. Furthermore, the standard-
ization of procedures and the quality of PRP must be
strictly monitored to avoid disparities in treatment
and to ensure equity in access to care. Transparency
in communicating clinical results and trial outcomes
is also crucial, promoting rigorous research free from
conflicts of interest and placing patient well-being at
the center. Finally, the continuous evaluation of PRP
efficacy and safety must be accompanied by ethical at-
tention in clinical application, always considering the
cost-benefit ratio and the appropriateness of therapeu-
tic indications.

Limitations and areas for future research

This document, aimed at establishing a consensus
on PRP use, originates from a critical review of recent
scientific literature and the experience of the partici-
pants in the EC. It is a concise text that does not solve
all the issues in an ever-expanding field and, therefore,
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Abstract

Introduction. Ochratoxin A (OTA) and citrinin (CIT) are toxic compounds produced by
fungi that may contaminate a variety of food, posing significant health risks, particularly
following chronic exposure. OTA, a potent nephrotoxin, is widely present in cereals,
dried fruits, coffee and animal-derived products; CIT, which often co-occurs with OTA,
also exhibits nephrotoxic effects.

Methodology. This project aims to evaluate the exposure to OTA and CIT in adults and
children of both sexes, and in breastfeeding women, and to investigate OTA toxicological
effects using a juvenile animal model. The biomonitoring study analyzed OTA and CIT
in urine, and OTA in breast milk. It also involved the evaluation of biomarkers of effect
and the administration of food frequency questionnaires to assess dietary intake. The
toxicological study employed an innovative animal model to identify early biomarkers of
renal and endocrine effects and to elucidate OTA’s mechanisms of action.

Results. The findings contribute to a deeper understanding of risk characterization and
support the development of public health strategies aimed at minimizing OTA and CIT
exposure.
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INTRODUCTION

Mycotoxins are toxic chemical compounds produced
by certain fungal species under specific environmental
conditions [1]. The toxigenic fungi colonize agricultural
commodities, spreading mycotoxin contamination into
the food chain. These contaminants persist through
food processing, and the contamination is also trans-
ferred to the derived food products posing significant
risk to both humans and animals [2, 3].

Dietary exposure to mycotoxins represents a signifi-
cant health concern, especially in cases of chronic expo-
sure, which has been linked to a range of adverse health
effects [4]. Due to cumulative exposure over a lifetime,
mycotoxins can profoundly impact human health, caus-
ing a broad spectrum of toxic effects including carci-
nogenicity, nephrotoxicity, hepatotoxicity, estrogenic ef-
fects, neurotoxicity, and disruption to reproductive and
immune system functions [1, 5].
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Among the mycotoxins of greatest concern to risk as-
sessors, ochratoxin A (OTA) is one of the most widely
distributed. It is produced by ubiquitous fungal genera
such as Aspergillus and Penicillium and several toxigenic
species (e.g., A. niger, A. ochraceus, A. carbonarius and P,
verrucosum) can occur in a broad range of plant derived
foods products all entering human and animal diets.
These commodities include cereals, dried nuts, spices,
dried fruits, coffee, cocoa, licorice and food deriva-
tives, including supplements (e.g., green coffee, goose-
berry, and licorice derived supplements). Furthermore,
OTA contamination has also been detected in certain
cured animal-derived products (such as ham, salami).
In these cases, contamination can occur during meat
maturation and curing process, where storage condi-
tions may be viable to OTA production. Like many
other mycotoxins, OTA is highly resistant to process-
ing and heat treatments, contributing to its persistence
in the food chain [6].

In vivo studies showed that OTA has been associated
with nephrotoxic, carcinogenic, teratogenic, immuno-
toxic and developmental effects, with kidney represent-
ing the critical target organ. OTA has been identified
as a key causative agent in the development of porcine
nephropathy, but the available epidemiological evi-
dence remains insufficient to definitively classify it as a
renal carcinogen in humans or directly link it to Balkan
Endemic Nephropathy (BEN) or other unexplained
endemic nephropathies [7-10]. Indeed, OTA is able to
bindplasma-proteins, mainly albumin, with consequent
reduction of excretion rate and accumulation in renal
tissue. Albeit to a lesser extent, liver, muscle and fat are
also involved in OTA toxicity in terms of signalling mod-
ulation of apoptosis, inflammation and stress responses
(7, 11].

OTA showed also genotoxic effects both in vitro and in
vivo studies, although the mechanisms are still unclear,
and direct and indirect genotoxic and non-genotoxic
modes of action may contribute to tumor development
https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/;.
efsa.2020.6113. The International Agency for Research
on Cancer (IARC) classified OTA as “possibly carcino-
genic for humans” (Group 2B), with carcinogenicity be-
ing the result of interactions among several epigenetic
mechanisms [12, 5]. Because recent studies have raised
uncertainty regarding the mode of action for kidney
carcinogenicity, the European Food Safety Authority
(EFSA) deemed it inappropriate to maintain the tol-
erable weekly intake (TWI) established in 2006 as the
health-based guidance value (HBGV) [13]. Indeed, the
Margin of Exposure (MOE) approach was considered
most appropriate, providing a safety margin (10000 for
carcinogenic compounds) below which the public health
concern can be considered low, even considering overall
uncertainties [7]. The use of the Benchmark Dose Low-
er Confidence Limit (BMDL,;), the dose that causes a
10% increase in the incidence of a specific effect in an
animal population, was proposed for neoplastic and non-
neoplastic effects (BMDL10G 14.5 pg/kg body weight
(bw) and BMDL10ONG 4.75 pg/kg bw, respectively).

Citrinin (CIT), a mycotoxin with well-documented
nephrotoxic properties, is commonly detected in food

in the co-occurrence with OTA, and it is known to have
synergistic effects with OTA, potentially exacerbating
kidney damage [6, 14, 15]. It is produced by several
species of Aspergillus, Penicillium, and Monascus, and it
is commonly found in stored grains. A No-Observed-
Adverse-Effect Level (NOAEL) of 20 pg/kg bw per day
was identified from a 90-day study in rats. However,
due to a lack of data, EFSA did not establish a HBGV
for CIT. Instead, a level of no concern for nephrotoxic-
ity was set at 0.2 pg/kg bw per day, reflecting the limited
understanding of its potential effects. Despite this pro-
visional threshold, concerns about CIT possible geno-
toxic and carcinogenic properties remain unresolved.
Risk characterization for CIT has therefore focused
on limiting its concentrations in grains to levels that
would keep dietary exposure levels below the no con-
cern threshold for nephrotoxicity. EFSA emphasized
the need for further research to better define the risk
associated with CIT and since then several studies have
expanded the understanding of CIT toxic effect con-
firming its impact on multiple organs and systems [16].
In fact, in addition to nephrotoxicity, which remains the
major effect, also hepatotoxic, cardiotoxic, neurotoxic,
and reproductive effects have been reported [17-21].
Studies reported CIT-induced liver and heart toxicity,
including fatty liver disease and cardiac tissue dam-
age, linked to mitochondrial impairment and oxidative
stress confirming hepatotoxicity and cardiotoxicity [17-
19], while the genotoxic and mutagenic potential of
CIT remains controversial. Some in vitro studies show
DNA damage, cell cycle arrest, and autophagy induc-
tion [17]. However, IARC classifies CIT as “not classifi-
able as to carcinogenicity in humans” (Group 3) due to
insufficient evidence [21].

EFSA has emphasized the need for more compre-
hensive data on human exposure to OTA and CIT,
particularly in vulnerable populations like children and
adolescents, who are more susceptible to the toxic ef-
fects of these contaminants [7, 13]. In this respect,
human biomonitoring studies (HBM) using biological
fluids are useful for assessing internal doses of contami-
nants because of combined exposure. Moreover, HBM
together with dietary exposure assessment represent an
integrated approach for a more accurate and compre-
hensive evaluation of human exposure.

The Italian National Committee for Food Safety,
which addresses urgent and critical topics public health
issues, has raised concerns about the exposure of
younger age groups to OTA through the consumption
of certain foods, particularly cereals, cheeses and pork
derived cured meats [22]. National official control and
monitoring plans have consistently reported the pres-
ence of OTA in a variety of foodstuff, in particular cof-
fee, cocoa, ham and more recently certain varieties of
hard cheese. Among the different exposure scenarios,
particular attention should be given to breastfed in-
fants, who may be exposed to mycotoxins such as OTA
through lactation. Breast milk can serve as a potential
exposure pathway, transferring OTA from mothers to
their children and thus representing an additional risk
for this especially vulnerable population group [7]. This
is particularly concerning since children have higher
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metabolic rates and immature detoxification system,
making them potentially more vulnerable to the accu-
mulation of mycotoxins in their developing organs.

In this context, exposure evaluation through biomon-
itoring studies in the general population and vulnerable
groups, such as children, is essential to address existing
gaps in risk assessment. In this framework, the project
“Ochratoxin A: risk assessment in population groups
through biomonitoring and toxicological characteriza-
tion” (OTABioTox Project) aims to assess the exposure
and toxicological effects of OTA and CIT through an
integrated approach which includes: a) a biomonitor-
ing study in adults and children of both sexes, as well
as lactating mother-child pairs, including evaluation of
selected kidney biomarkers; b) a dietary exposure evalu-
ation, with a focus on foods that are particularly suscep-
tible to OTA and CIT contamination, such as cereals,
dried fruits, and cured meats; c) a toxicological study
using male and female rats in the juvenile phase of life,
corresponding to the childhood/peripubertal age in hu-
mans, treated at realistic dose levels of OTA derived
from children exposure.

Upon the evidence of gender-based differences in
the absorption and detoxification of contaminants, the
project will possibly explore potential sex differences in
human internal dose content and toxicological suscep-
tibility [23, 24].

By combining biomonitoring, exposure assessment,
and toxicological studies, this research seeks to bridge
the knowledge gap in the exposure risks posed by OTA
and CIT, considering adults and also vulnerable groups,
such as young population and breastfeeding women.

METHODOLOGY
Biomonitoring study

The HBM in OTABioTox Project aims to measure
the internal doses of OTA and CIT in urine and milk
samples. The internal dose provides data at an individ-
ual level that helps to overcome the limitations asso-
ciated with the heterogeneous contamination of food,
sampling variability and constraints, and the availability
of food and consumption data.

The elimination of OTA from the body is slow and
incomplete, with variable rates of excretion through
urine, blood, and breast milk collectively contributing
to its persistence and potential for chronic health ef-
fects. OTA is typically excreted in urine with very low
rates ranging approximatively 2-3% of the ingested
dose. In kidney, OTA is partially reabsorbed due to its
binding with albumin [25]. Importantly, OTA has also
an excretion route via breast milk, albeit at low concen-
trations (lower than in blood, comparable with urine)
and it provides a route of exposure for nursing infants.
The presence of OTA in breast milk underscores the
risk of early-life exposure, especially in regions where
dietary contamination is common [26].

CIT and its main metabolite dihydrocitrinone (DH-
CIT) exhibit a high urinary excretion rate with about
40% of the ingested dose eliminated within 24 hours.
This makes urine a particularly reliable matrix for CIT
exposure assessment [20, 27, 28]. There is currently
insufficient evidence to confirm significant transfer of

CIT to breast milk, so this pathway remains negligible.
To assess exposure to OTA and CIT, including their

metabolites, a total of 350 subjects has been recruited

across diverse demographic groups. The recruitment

details are as follows:

e children aged 5-14 years: 70 boys and 70 girls;

e adults aged 18-65 years: 70 men and 70 women;

¢ breastfeeding women: 70 subjects.

In recent years, HBM studies have increasingly fo-
cused on evaluating biomarkers of effect, which can
provide a link between internal exposure to contami-
nants and the related adverse health effects or diseases.
They can increase the biological plausibility of the asso-
ciations and indicate a possible mode of action. In this
respect, the biomarkers of effect can improve the risk
assessment of chemicals [29].

In OTABioTox project, albumin, creatinine and be-
ta2-microglobulin are considered as kidney biomarkers
associated to OTA and CIT exposure and measured in
urine samples of the enrolled subjects. OTA is known
binding serum albumin with a reduction of the clear-
ance and a persistence of OTA in the body. However, a
lower level of albumin increased OTA hepatoxicity and
nephrotoxicity [30]. Higher levels of beta2-microglob-
ulin in the urine, affecting renal reabsorption function,
was associated to higher OTA level in human [31]. Cre-
atinine values will be also used to normalize OTA and
CIT concentration values.

Family pediatricians in the National Health System
and hospital pediatricians collaborated in recruiting pa-
tients. This physician network was established under the
European LIFE PERSUADED biomonitoring project
(Phthalates and bisphenol A biomonitoring in Italian
mother-child pairs: link between exposure and juvenile
diseases; ENV/IT/000482) and the Finalized Research
program (Integrated Approach to Evaluate Children
Agricultural Pesticide Exposure and Health Outcome;
RF-2016-02364628) therefore, the healthcare profes-
sionals possess extensive experience in conducting such
studies across the national territory.

Healthcare professionals were provided with informa-
tive materials to instruct themselves, and subsequently
recruited subjects and their families for enrollment in
the study:
¢ food frequency questionnaire;

e description of the study for the physicians;

e description of the study for enrolled adults and chil-

dren;

a fact sheet for children and mothers;

instructions on how to complete the FFQ;

instructions for collecting urine and breast milk sam-

ples;

e privacy information and legal basis for processing
personal data;

¢ informed consent for parents.

Food Frequency Questionnaire and dietary exposure
A paper-based questionnaire was designed to collect
personal, residential information, as well as dietary hab-
its. The first section requested personal details such as
age, body weight and physical activity level. The second
section consisted of a specially tailored Food Frequen-
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cy Questionnaire (FFQ) aimed at capturing participant
dietary habits. The FFQ included tables for each food
category covered in national and European control ac-
tivities [13]. In the FFQ, each participant was asked
to specify the food items consumed, indicating the fre-
quency (daily, weekly, monthly) and usual portion size
(small, medium, large, or specific quantity). Once vali-
dated, the final version of the FFQ was distributed to
the pediatricians overseeing participant enrollment.

The completed FFQs were reviewed for consistency,
and the data were entered into an online database. This
database was designed to efficiently manage the vol-
ume of data and ensure consistency during data entry.
Due to the extensive number of fields in each question-
naire (more than 130), general-purpose software such
as spreadsheets was considered inadequate. Therefore,
a custom web application was developed to provide
an optimized and user-friendly interface, specifically
designed to minimize input errors and allow full data
editing capabilities. The application was built using the
HTMUL-Javascript-PHP-MySQL-Apache stack, utiliz-
ing open-source software. Data entered into the appli-
cation were stored in a relational database on a server
and subsequently exported serialized via dedicated
functions into Tab-Separated Values (TSV) files, which
could then be processed further using scientific statisti-
cal analysis software.

Analytical determination of OTA and CIT

Urine and breast milk are valuable biological matrices
for assessing exposure; however, it is essential to have
appropriate, validated and accurate analytical methods
to reliably measure the targeted biomarkers [25, 32].
The most important challenge in the analysis of my-
cotoxins in biological fluids is the extremely low con-
centrations of the analytes in the specimen. The choice
of suitable analytical protocol shall be focused on the
identification of appropriate limits of detection (LOD)
and quantification (LOQ) values [33]. Liquid chroma-
tography coupled with tandem mass spectrometry (e.g.,
LC-MS/MS) enable a sensitive and accurate detection
of biomarkers in biological fluids also in condition of
low excretion rate, such as the one of the OTA in urine
samples. These capabilities of modern analytical tech-
niques are essential for reliable biomonitoring studies
[34].

In OTABioTox Project, urinary OTA and CIT, as well
as OTA in breast milk, were analyzed in a two-step ana-
lytical approach. In the first step, a screening method
was employed to detect the presence of OTA, CIT and/
or other biomarkers in the biological matrices. Upon
obtaining a positive result in the screening, a second
step for specific quantification was performed applying
sample dilution in phosphate-buffered saline (PBS) fol-
lowed by immunoaffinity columns (IAC) cleanup prior
injection.

The TAC cleanup employs monoclonal antibodies to
selectively isolate and concentrate the mycotoxin while
removing matrix interferences. This approach is partic-
ularly well-suited for targeting and quantify single or a
limited number of analytes in complex biological matri-
ces such as urine and milk [35].

The determination was performed by LC-MS/MS;
the triple quadrupole, set in positive mode with MRM
(Multiple Reaction Monitoring) acquisition mode, en-
ables high accuracy, selectivity and sensitivity which is
necessary as the concentration of mycotoxins in biologi-
cal matrices is generally lower than the contamination
levels found in food. The method was validated and met
satisfactory performance of precision and trueness in
both urine and breast milk matrices. The LOQ was es-
tablished at 0.004 ng/g for OTA and 0.009 ng/g for CIT
in urine and 0.008 ng/g for OTA in breast milk.

Toxicological study

An in vivo toxicological study is proposed, using an in-
novative juvenile animal model that corresponds to the
pre- and peri-pubertal developmental stages in children
[36]. This stage of the life cycle is particularly vulner-
able and susceptible to the potential adverse effects of
chemical substances, as body systems are still develop-
ing and maturing, while dietary exposure is higher com-
pared to adults. This model enables the early detection
of alterations, the study of underlying mechanisms and
the identification of early effect biomarkers through
the analysis of tissue, serum and molecular markers,
and transcriptomics [37, 38]. The animal study was ex-
ecuted in accordance with Directive 2010/63/EU, the
Italian Legislative Decree n. 26 of 4 March 2014, the
OECD Principles of Good Laboratory Practice. The
design and sample size of the animal studies were cho-
sen according to 3R principles and ARRIVE guidelines
2.0 [39].

18 dams of CD1 mice (Envigo, Italy) with offspring
will be kept under standard laboratory conditions
(22+40.5 °C room temperature, 50%-60% relative hu-
midity, 12 h of dark-light alternation with 12-14 air
changes per hour) with water and food available ad li-
bitum. Specific rodent diet was select to minimize the
OTA e mycotoxin exposure (AIN-76A Purified Diet
NOT RADIABLE purchased from Mucedola, Italy).
After seven days of acclimatizing, weaning F1 mice
were separated by the dams and housed in cages to ob-
tain 4 groups of 18 mice/sex/group, treated with 3 dose
levels of OTA dissolved in corn oil and a control group
treated with vehicle only for 28 days (5 days/week) per
os by gavage, from weaning (postnatal day, PND, 22 to
sexual maturity PND60).

The selected dose levels are 1 (low), 100 (medium)
and 1000 (high) pg/kg bw per day. The low dose level
was derived based on dietary exposure to OTA at the
95th percentile (i.e., among high consumers), which
was estimated to reach up to 0.0517 pg/kg bw per day
[7] that corresponds to 0.63 pg/kg bw per day in mice
[40], rounded to 1 pg/kg bw per day as a practical value.
The medium dose level derived from the LOAEL (Low-
est Observed Adverse Effect Level) of 8 pg/kg bw day
in pigs, corresponds to 93 pg/kg in mice, assuming in-
terspecies extrapolation [40] and rounded to 100 pg/
ke bw per day as a practical value. High dose level was
obtained by a toxicological study on mice where OTA
was administered orally for 28 days with toxicological
effect in systems other than the renal one without clini-
cal sign of toxicity [41].
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Body weight, feed consumption, kidney, liver, thyroid,
ovary, uterus, testis, hypothalamus absolute and relative
weights will be measured. Serum clinical and biochemi-
cal parameters (albumin, globulin, total bilirubin, gam-
ma-glutamyl transferase, aspartate aminotransferase,
alkaline phosphatase, lactate dehydrogenase, creatine
kinase, creatinine, glucose, triglycerides, calcium, phos-
phate, magnesium, potassium, and sodium) will be also
assessed. In addition, a proteomic analysis of liver tissue
will be conducted.

Specific effects of endocrine system will be analyzed
by:
¢ hormones serum levels (e.g., thyroid-stimulating hor-

mone, TSH, thyroxine, estradiol, testosterone);

e histopathological analysis (thyroid, reproductive or-
gans and liver);
® gene expression of selected hypothalamus marker

(TSH, luteinizing hormone, follicle-stimulating hor-

mone).

Renal toxicity endpoints will be studied by:
¢ kidney DNA damage by comet assay;

e renal oxidative stress enzymes (e.g., catalase, super-

oxide dismutase, glutathione peroxidase 1);
¢ serum renal toxicity markers (e.g., proliferating cell

nuclear antigen, vimentin);
¢ kidney expression of DNA repair and general toxicity

genes (e.g., Erccl, ERCC excision repair 1; Oggl,
8-oxoguanine DNA-glycosylase 1; and Kim1, Kidney

Injury Molecule 1; respectively);
¢ kidney histopathological analysis.

The sample size calculation is performed using the
G*Power 3.1.9.7 software on a comparison between
two groups (treatment dose s control) using the Mann-
Whitney test, with a one-tailed significance level of al-
pha=0.0167 (corresponding to alpha=0.05 with Bonfer-
roni correction applied to the three comparisons between
each treatment dose and the control) and a power of
1-beta=0.80. The key endpoint used for the sample size
estimation was the change in the activity of renal oxi-
dative stress-related enzymes, as reported in a previous
study involving oral administration of OTA to male mice
for 45 days [42]. Table 1 shows the results of the sample
size calculation (N) based on the selected enzymes.

Table 1
Calculation of sample size (N) according to decreased activity
of renal oxidative stress enzymes

Endpoint Control OTA N
(0 mg/kg (1.5 mg/kg
bw day) bw day)
(means=SD) (means=SD)
Catalase activity (umoles 32.72+1.26 26.824+0.72 4

H,O, consumed/mg

protein/min)

Superoxide dismutase 3.34+0.15 2.79+£0.06 4
activity (units/mg

protein)

Glutathione peroxidase 0.38+0.09 0.25+0.03 8

activity (umoles NADPH
consumed/mg protein/
min)

OTA: ochratoxin A.

GSH activity is most conservative condition and a
34% reduction in the mean value is observed, corre-
sponding to a Cohen’s d effect size of 1.94 (very large
effect). However, considering the selected dose levels
and the short time of administration, it is important to
detect smaller differences, starting from 20%, which
are plausibly expected to occur in the groups treated
with lower doses. For example, comparing 0.38+0.09
(control group) vs 0.30+0.03 (20% reduction) to GSH
activity, the sample size is N=15. The final sample size
per sex/group is increased to 18, taking into account
that the expected mortality rate is no more than 5%
and high the number of biomarkers to be measured in
mouse serum.

Data analysis plan

Statistical analyses will be performed using Stata 16.0
software (StataCorp), setting significance at p <0.05.
Descriptive statistics will be calculated for each group
of population. Sex-stratified analysis will be performed
both in adults and children using parametric or non-
parametric tests, when non normal distribution is veri-
fied (Mann-Whitney test). The same tests will be used
to compare the population groups. Confounders (e.g.,
age, breastfeeding frequency, renal function variability,
diet reporting bias) will be considered in the analysis.
Age will be considered as covariate to obtain age-ad-
justed estimates in all groups, whereas breast feeding
frequency will be included in data from breastfeeding
women. Urinary OTA and CIT concentrations will be
normalized to creatinine concentration, measured in
the corresponding urine sample.

If data are missing from the subject’s questionnaire,
the operators responsible for data quality control will
identify the pediatrician who enrolled the subject
through the alphanumeric code of questionnaire and
will request the completion of the unanswered ques-
tions. The pediatrician will then contact the patient to
obtain the missing information. This process ensures
that all fields are completed, thus avoiding the exclusion
of data. If no response is received, the incomplete data
will be excluded. Correlations between OTA/CIT levels
and renal biomarkers will be assessed using Pearson/
Spearman coefficients and multiple regression models.
The association between dietary intake and OTA/CIT
levels will be analyzed through linear/logistic regression
and multivariate analysis (PCA). Data from toxicologi-
cal study will be analyzed using ANOVA with post-hoc
tests. Risk assessment will be conducted by calculating
the Margin of Exposure (MOE) for OTA and CIT com-
paring the estimated provisional dietary intake of OTA
and CIT with established safety thresholds.

State of the art

Ethical approval was obtained by the National ethics
committee for clinical trials of public research bodies
(EPR) and other national public institutions at the Istitu-
to Superiore di Sanita (AOO-ISS-30/06/2023-0030990
Class: PRE BIO CE 01.00). To date, the enrollment
of the subjects was completed, obtaining samples and
FFQ:s filled in. The FFQs were reviewed and, in case
of missing data, the pediatricians involved in the en-
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rolment asked the subjects. All the data has now been
transferred to the online database.

The animal study protocol was approved by the Italian
Ministry of Health (879/2023-PR). The study has been
completed, and general toxicological data are summa-
rized in the Excel file. Statistical analysis is currently
ongoing. Animal serum and tissues have been stored.

Analytical tests of human biological fluids and serum
and tissues of mice are currently in progress.

EXPECTED RESULTS
The main outcome of the OTABioTox Project will be

the development of a model to evaluate the exposure

and toxicological effects of OTA and CIT through an
integrated approach. The integration of the scientific
results will provide an estimate of the predictive risk of
the potential effects of exposure to OTA and CIT on
the health of different population groups, taking into
account age and sex.

Relevant results will be achieved for OTA and CIT in
the frame of risk assessment:

As for human exposure:

evaluation of CIT and OTA urinary levels in children
and adults of both sexes, as well as in breastfeeding
women;

e association of the internal levels with the food con-
sumed according to data acquired from the FFQ to
ascertain if group of foods are triggers for internal
levels;

e estimation of OTA and CIT provisional dietary ex-
posure upon standard daily urine volumes, excretion
data and body weights values;

e association between the observed exposure levels and
effect biomarkers of renal function to highlight po-
tential health impacts in children and adults, consid-
ering sex differences;

* evaluation of the OTA levels in breast milk of the en-
rolled breastfeeding women;

¢ estimation of exposure to OTA and CIT in breastfeed
children, who have breast milk as the sole food;

e correlation between OTA and CIT levels in breast
milk with the corresponding values measured in the
urine of the same breastfeeding woman to identify

REFERENCES

1. Mafe AN, Biisselberg D. Mycotoxins in food: cancer
risks and strategies for control. Foods. 2024;13(21):3502.
doi: 10.3390/foods13213502

2. World Health Organization. Mycotoxins fact sheet. Ge-
neva: WHO; 2023. Available from: https://www.who.int/
news-room/fact-sheets/detail/mycotoxins.

3. Rahim K, Farooq A, Farinazleen MG. A comprehensive
review of mycotoxins: toxicology, detection, and effective
mitigation approaches. Heliyon. 2024;10(8):e28361. doi:
10.1016/j.heliyon.2024.28361

4.  Goessens T, Mouchtaris-Michailidis T, Tesfamariam K,
et al. Dietary mycotoxin exposure and human health
risks: a protocol for a systematic review. Environ Int.
2024;184:108456. doi: 10.1016/j.envint.2024.108456

5. Awuchi CG, Ondari EN, Nwozo S, et al. Mycotoxins’

possible associations of critical ratios of contamina-

tion levels in the two biological matrices;

calculation of the Margin of Exposure (MOE) for

OTA, based on the comparison of BMDL10 for non-

neoplastic and neoplastic effects with the calculated

exposure values; whereas for CIT, comparison of the

tolerable dose for nephrotoxicity with the calculated

exposures.

As for toxicological characterisation:

evaluation of OTA effects in a juvenile rodent model

at dose levels compatible with estimated exposure

levels in children;

identification of early effect biomarkers for the renal

and endocrine systems;

e evaluation of sex-related differences in susceptibility;

¢ study of the mechanisms by specific omics technolo-
gies.

The selected endpoints will primarily focus on the en-
docrine system. Additionally, the mechanisms of action
and DNA damage induction by OTA at the renal level
will be investigated to identify and characterize early
markers of damage associated with carcinogenesis pro-
cesses. Finally, the use of both male and female mice
will allow the identification of sex-specific effects on the
endocrine system and renal damage.

In conclusion, these findings will provide new insights
into OTA and CIT exposure in adults and children, in-
creasing the understanding of their toxicological effects
and supporting the development of evidence-based
strategies for risk mitigation and public health protec-
tion.

Funding sources

The project OTABioTox was funded by Italian Minis-
try of Health (ID Fasc. 8504, CUP: I85E22000710005,
2022-2025).

Conflicts of interest statement
The Authors declare no conflict of interest.

Received on 31 October 2025.
Accepted on 9 December 2025.

toxicological mechanisms involving humans, livestock
and their associated health concerns: a review. Toxins
(Basel). 2022;14(3):167. doi: 10.3390/toxins14030167

6. Ostry V, Malir F, Ruprich J. Producers and important di-
etary sources of ochratoxin A and citrinin. Toxins (Basel).
2013;5(9):1574-86. doi: 10.3390/toxins5091574

7.  Schrenk D, Bodin L, Chipman JK, del Mazo J, Grasl-
Kraupp B, et al. Scientific opinion on the risk assessment
of ochratoxin A in food. EFSA J. 2020;18(5):6113. doi:
10.2903/j.efsa.2020.6113

8. Castegnaro M, Canadas D, Vrabcheva T, Petkova-Bocha-
rova T, Chernozemsky IN, Pfohl-Leszkowicz A. Balkan
endemic nephropathy: role of ochratoxins A through bio-
markers. Mol Nutr Food Res. 2006;50(6):519-29. doi:
10.1002/mnfr.200500182



https://www.who.int/news-room/fact-sheets/detail/mycotoxins
https://www.who.int/news-room/fact-sheets/detail/mycotoxins

38

Lucia Coppola, Giuseppina Sciald, Francesca Debegnach et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Pfohl-Leszkowicz A, Manderville RA. Ochratoxin A:
an overview on toxicity and carcinogenicity in animals
and humans. Mol Nutr Food Res. 2007;51:61-99. doi:
10.1002/mnfr.200600137

Habschied K, KaniZai Sari¢ G, Krstanovi¢ V, Mastanjevi¢
K. Mycotoxins-biomonitoring and human exposure. Tox-
ins (Basel). 2021;13(2):113. doi: 10.3390/toxins13020113
Marin-Kuan M, Cavin C, Delatour T, Schilter B. Och-
ratoxin A carcinogenicity involves a complex network of
epigenetic mechanisms. Toxicon. 2008;52(2):195-202.
doi: 10.1016/j.toxicon.2008.04.166

International Agency for Research on Cancer. Ochra-
toxin A. In: IARC Monographs on the evaluation of car-
cinogenic risks to humans. Vol. 56. Lyon: IARC; 1993.
p. 26-32.

EFSA Panel on Contaminants in the Food Chain. Opin-
ion of the Scientific Panel on Contaminants in the Food
Chain (CONTAM) related to ochratoxin A in food.
EFSA J. 2006;4(6):365. doi: 10.2903/j.efsa.2006.365
Awuchi CG, Ondari EN, Ogbonna CU, et al. Myco-
toxins affecting animals, foods, humans, and plants:
types, occurrence, toxicities, action mechanisms, pre-
vention, and detoxification strategies — a revisit. Foods.
2021;10(6):1279. doi: 10.3390/foods10061279

Ali N. Co-occurrence of citrinin and ochratoxin A in rice
in Asia and its implications for human health. J Sci Food
Agric. 2018;98(6):2055-9. doi: 10.1002/jsfa.8667

EFSA Panel on Contaminants in the Food Chain. Sci-
entific opinion on the risks for public and animal health
related to the presence of citrinin in food and feed. EFSA
J. 2012;10(3):2605. doi: 10.2903/.efsa.2012.2605

de Oliveira Filho JWG, Islam MT, Ali ES, et al. A com-
prehensive review on biological properties of citrinin.
Food Chem Toxicol. 2017;110:130-41. doi: 10.1016/j.
£ct.2017.10.002

Zargar S, Wani TA. Food toxicity of mycotoxin citri-
nin and molecular mechanisms of its potential toxic-
ity effects through the implicated targets predicted by
computer-aided multidimensional data analysis. Life.
2023;13(4):880. doi: 10.3390/1ife 13040880

Zhang H, Ahima J, Yang Q, Zhao L, Zhang X, Zheng
X. A review on citrinin: its occurrence, risk implications,
analytical techniques, biosynthesis, physiochemical prop-
erties and control. Food Res Int. 2021;141:110075. doi:
10.1016/j.foodres.2020.110075

Narvéez A, Izzo L, Rodriguez-Carrasco Y, Ritieni A. Ci-
trinin dietary exposure assessment approach through hu-
man biomonitoring high-resolution mass spectrometry-
based data. J Agric Food Chem. 2021;69(22):6330-8.
doi: 10.1021/acs.jafc.1c01776

International Agency for Research on Cancer. Citrinin.
In: IARC Monographs on the evaluation of carcinogenic
risks to humans. Vol. 40. Lyon: IARC; 1986. p. 67
Comitato Nazionale per la Sicurezza Alimentare. Un-
regulated mycotoxins: Ochratoxin A in cheeses and pork
products. Zenodo. 2021. doi: https://doi.org/10.5281/ze-
nodo.5537074

Gochfeld M. Framework for gender differences in human
and animal toxicology. Environ Res. 2007;104(1):4-21.
doi: 10.1016/j.envres.2005.12.005

La Rocca C, Tassinari R, Tait S, Care A, Maranghi F. Sex
and gender differences in toxicological studies. In: Wexler
P (Ed). Encyclopedia of toxicology. 4th ed. Cambridge
(MA): Academic Press; 2024. p. 483-6. doi: 10.1016/
B978-0-12-824315-2.00731-4

Ké&szegi T, Poér M. Ochratoxin A: molecular interactions,
mechanisms of toxicity and prevention at the molecular
level. Toxins. 2016;8(4):111. doi: 10.3390/toxins8040111

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

Das TA, Hafsa JM, Hasan A, et al. Occurrence of ochra-
toxin A in breast milk and urine samples of nursing moth-
ers in Bangladesh. Mycotoxin Res. 2024;40(1):135-46.
doi: 10.1007/512550-023-00510-5

Degen GH, Ali N, Gundert-Remy U. Preliminary data
on citrinin kinetics in humans and their use to estimate
citrinin exposure based on biomarkers. Toxicol Lett.
2018;282:43-8. doi: 10.1016/j.toxlet.2017.10.006

Kamle M, Mahato DK, Gupta A, Pandhi S, Sharma N,
Sharma B, Mishra S, Arora S, Selvakumar R, Saurabh V,
et al. Citrinin mycotoxin contamination in food and feed:
impact on agriculture, human health, and detection and
management strategies. Toxins (Basel). 2022;14(2):85.
doi: 10.3390/toxins 14020085

Rodriguez-Carrillo A, Mustieles V, Salamanca-Fernandez
E, et al. Implementation of effect biomarkers in human
biomonitoring studies: a systematic approach synergiz-
ing toxicological and epidemiological knowledge. Int ]
Hyg Environ Health. 2023;249:114140. doi: 10.1016/j.
ijheh.2023.114140

Kuhn M, Hassan R, Gonzilez D, et al. Role of albumin
in the metabolism and excretion of ochratoxin A. My-
cotoxin Res. 2024;40:433-45. doi: 10.1007/512550-024-
00538-1

Yordanova P, Wilfried K, Tsolova S, Dimitrov P. Ochra-
toxin A and B2-microglobulin in BEN patients and con-
trols. Toxins (Basel). 2010;2(4):780-92. doi: 10.3390/
toxins2040780

Chen M, Liu W, Xiang P, et al. Development of an LC-
MS/MS method for the determination of multiple myco-
toxins in human urine. Food Addit Contam Part A Chem
Anal Control Expo Risk Assess. 2023;40(7):917-27. doi:
10.1080/19440049.2023.2222842

Escrivd L, Manyes L, Font G, Berrada H. Mycotoxin
analysis of human urine by LC-MS/MS: a comparative
extraction study. Toxins (Basel). 2017;9(10):330. doi:
10.3390/toxins9100330

Cramer B, Visintin L, Maris E, Kuhn M, Degen GH,
Turner PC, Humpf HU, De Saeger S. Human biomoni-
toring of mycotoxins: key challenges and future direc-
tions. Mycotoxin Research. 2026;42:13. doi: https://doi.
org/10.1007/512550-025-00612-2

Senyuva HZ, Gilbert ]J. Immunoaffinity column clean-
up techniques in food analysis: a review. ] Chromatogr
B Analyt Technol Biomed Life Sci. 2010;878(2):115-32.
doi: 10.1016/j.jchromb.2009.05.042

Narciso L, Catone T, Aquilina G, et al. The juvenile
toxicity study as a tool for a science-based risk assess-
ment in the children population group. Reprod Toxicol.
2017;72:136-41. doi: 10.1016/j.reprotox.2017.06.188
Tassinari R, Narciso L, Tait S, et al. Juvenile toxicity ro-
dent model to study toxicological effects of bisphenol A
(BPA) at dose levels derived from Italian children bio-
monitoring study. Toxicol Sci. 2020;173(2):387-401. doi:
10.1093/toxsci/kfz226

Tassinari R, Tait S, Busani L, et al. Metabolic, reproduc-
tive and thyroid effects of bis(2-ethylhexyl) phthalate
(DEHP) orally administered to male and female juvenile
rats at dose levels derived from children biomonitor-
ing study. Toxicology. 2021;449:152653. doi: 10.1016/;.
t0x.2020.152653

Percie du Sert N, Ahluwalia A, Alam S, Avey MT, Baker
M, Browne WJ, et al. Reporting animal research: ex-
planation and elaboration for the ARRIVE guidelines
2.0. PLoS Biol. 2020;18(7):e3000411. doi: https:/doi.
org/10.1371/ journal.pbio.3000411

Janhavi P, Divyashree S, Sanjailal KP, Muthukumar SP.
DoseCal: a virtual calculator for dosage conversion be-


https://doi.org/10.5281/zenodo.5537074
https://doi.org/10.5281/zenodo.5537074
https://doi.org/10.1007/s12550-025-00612-2
https://doi.org/10.1007/s12550-025-00612-2
https://doi.org/10.1371/
https://doi.org/10.1371/

HUMAN AND TOXICOLOGICAL DATA oN OTA/CIT

41.

tween human and different animal species. Archives of
Physiology and Biochemistry. 2022;128(2):426-30. doi:
https://doi.org/10.1080/13813455.2019.1687523

Izco M, Vettorazzi A, de Toro M, Saenz Y, Alvarez-
Erviti L. Oral sub-chronic ochratoxin A exposure in-
duces gut microbiota alterations in mice. Toxins (Basel).

42.

2021;13(2):106. doi: 10.3390/toxins13020106
Chakraborty D, Verma R. Ameliorative effect of Emblica
officinalis aqueous extract on ochratoxin-induced lipid
peroxidation in the kidney and liver of mice. Int ] Occup
Med Environ Health. 2010;23(1):63-73. doi: 10.2478/
v10001-010-0009-4

ORIGINAL ARTICLES AND REVIEWS . . . 3


https://doi.org/10.1080/13813455.2019.1687523

I
o

ORIGINAL ARTICLES AND REVIEWS

Ann Ist Super Sanita 2026 | Vol. 62, No. 1: 40-52

DOI: 10.4415/ANN_26_01_07

Advancing pesticide risk assessment:
the role of adverse outcome pathways
and new approach methodologies —

what’s next?

Teresa D’Amore'2, Emanuela Testai> and Emma Di Consiglio>

1Dipartimento di Farmacia, Universita degli Studi di Napoli Federico II, Naples, Italy
Dipartimento Ambiente e Salute, Istituto Superiore di Sanita, Rome, Italy

Abstract

Key words

Introduction. In recent years, the scientific community, together with regulatory au- | * next generation risk

thorities, institutions and stakeholders, joined in the common objective of changing the
regulatory toxicology paradigm, moving from classical toxicological animal testing to-
wards an exposure-driven risk assessment, based on mechanistic information derived
from alternative methods, globally known as new approach methodologies (NAMs). The
transition to the next generation risk assessment (NGRA) requires the collective effort of
all involved actors. One approach addressing the needs of the NGRA is the adverse out-
come pathway (AOP) concept. This construct describes a sequence of temporally and
causally linked events at distinct levels of biological organization leading to an adverse
health effect. The development, validation and implementation of AOPs at the regula-
tory level have become key objectives of several authorities.

Methods. In this paper, the AOPs and AOP networks as applied by the European Food
Safety Agency are analyzed, alongside the proposed batteries of NAMs.

Results and discussion. Two case studies, (1) Parkinson’s disease and pesticide expo-
sure, and (2) exposure to substances with endocrine-disrupting properties and the de-
velopment of uterine adenocarcinoma, are described. The analysis of the entire AOP
construct for each case and the assembly of the specific NAMs allowed us to identify
the strengths and limitations of the AOP strategy, as well as of each proposed test. Their

assessment (NGRA)
new approach
methodologies (NAMs)
adverse outcome
pathways (AOPs)
pesticides

regulatory toxicology
chemical risk assessment

integration and status are assessed within the current regulatory framework.

INTRODUCTION

Risk assessment (RA) is a rigorous, structured, and
iterative process designed to address key questions re-
garding exposure to one or more chemical, physical or
biological agents, and the associated potential risk for
human, animal and environmental health. As a spe-
cialized discipline of applied science, RA involves the
analysis and review of scientific information, whenever
available and aligned with the regulatory framework,
and/or new or existing data to evaluate the likelihood
of adverse events occurring in organisms, following the
exposure to these agents. The process considers the
hazardous properties of the chemicals and quantifies
risk, considering both hazard and exposure. If neces-
sary, mitigation measures should be suggested and then
implemented to reduce the potential risks, as part of
risk management actions [1, 2].

Both scientific and technological progress, coupled

with increased awareness among governments, regula-
tory bodies, academia and industries, have represented
a great driving force for the knowledge and clarification
of toxicological profiles, or “fingerprinting”, of substanc-
es. This applies both to substances requiring approval
before entering the market and to those already pres-
ent in the environment (pollutants and contaminants)
[3]. The “One Health” approach, a holistic perspective
integrating the health of humans, animals, and the en-
vironment as a unicum, has also contributed to directing
the RA towards a shared, multi-sectoral and multidisci-
plinary collaborative vision [4]. Similarly, the EC initia-
tive “One Substance, One Assessment” was proposed
to strengthen the chemicals strategy for sustainabil-
ity (CSS), aiming to ensure coherent and transparent
safety assessments of chemicals with diverse uses across
various regulatory frameworks, and to build a compre-
hensive body of knowledge on chemicals [5]. It is im-
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portant to note, however, that the “One Substance, One
Assessment” approach is most readily applicable to haz-
ard characterization. In contrast, the broader RA pro-
cess must also account for exposure, which can vary sig-
nificantly, depending on how a substance is used across
different sectors. For example, if the same chemical is
used as a flavoring agent in candy or as an ingredient in
a bath gel, the exposure scenarios, such as frequency,
duration, route of exposure, and consequently the ki-
netics and internal dose, can differ substantially.

Historically, the classical RA process, particularly in
the hazard identification and characterization phases,
had extensively relied on animal testing to derive dose
descriptors and, subsequently, reference values. How-
ever, the growing demand for more sustainable, ethical
and species-relevant methods (i.e., those tailored for
humans) has driven the scientific community to inves-
tigate, develop and implement “alternative” approaches,
internationally known as new approach methodologies
(NAMs). They include a range of innovative strategies,
including in vitro, in silico, in chemico, ex vivo and non-test-
ing methods or their combinations, designed to improve
accuracy and relevance for human health assessments
while reducing or replacing animal use (Table 1) [6, 7].

In addition to ethical issues, limitations of animal
models, including interspecies physiological differenc-
es, varying toxicokinetic profiles and lack of interindi-
vidual susceptibility, often hinder the extrapolation of
data to humans [8]. NAMs aim to address these chal-
lenges, increasingly designating animal testing as a “last
resort”, considering the principle of equivalent protec-
tion, meaning that the same risk assessment conclu-
sions and risk management decisions would be reached
by using NAMs instead of animals. Initially, they were
developed to accelerate the screening and evaluation of
the thousands of substances currently in use or under
development. At the same time, their predictability, ac-
curacy and reliability have been widely recognized [9].
The effort to develop, validate and make internationally
accepted NAMs has been shared globally and reflected
in initiatives starting from the Directive 2010/63/EU
on animal experimentation, to EU CSS [5] and some
specific EU regulations adopted for regulated chemi-
cals and/or products before their marketing: examples
include Regulation (EU) n. 283/2013, which requires
that active substances used in plant protection products
undergo a comparative in vitro metabolism study on cells
derived from various species, including humans. These
studies are pivotal for determining the relevance of toxi-
cological in vivo data and for guiding the interpretation
of findings or defining the testing strategy. Similarly,
Regulation (EU) n. 1223/2009 prohibits the marketing
of cosmetic products if either the ingredients or the final
formulation has been subjected to animal testing.

In parallel, the European Chemicals Agency (ECHA)
published on the use of NAMs within REACH (Reg-
istration, Evaluation, Authorization and Restriction
of Chemicals) and CLP (Classification, Labelling and
Packaging) regulations almost 10 years ago, then set
guidance updates aimed at improving the use of in vitro,
in silico and read-across approaches [10], while the Eu-
ropean Food Safety Authority (EFSA) has developed

a Roadmap for NAM integration in RA [8, 11], rein-
forcing the convergence toward a mechanism-based,
exposure-driven assessment framework. Alongside EU
initiatives, similar trends toward NAM-based regulato-
ry toxicology are underway internationally: the US-EPA
is advancing the transition toward non-animal, mecha-
nistic RA through programs such as ToxCast/Tox21 and
its NAMs Work Plan [12], while the US-FDA Mod-
ernization Act 2.0 [13] formally recognizes NAMs as
acceptable alternatives to animal testing in regulatory
submissions.

For simple endpoints (e.g., skin and eye irritation),
some stand-alone methods have already been interna-
tionally adopted, such as those included in the Orga-
nization for Economic Co-operation and Development
(OECD) Test Guidelines (TGs). These methods are
accepted within regulatory frameworks and widely ap-
plied, for example, in the assessment of genotoxic po-
tential or skin sensitization. However, for more com-
plex toxicological endpoints (e.g., systemic effects
after short or long-term repeated exposure), a single
test might not be sufficient on its own to provide the
necessary information. For this reason, the modern
approach to applying NAMs is to use integrated test-
ing strategies rather than a single alternative test. The
integrated strategies combine various methodologies,
including evidence-based and non-testing approaches,
to create a comprehensive path from exposure to out-
come [14, 15]. In this context, the new challenge of
toxicology and in particular, regulatory toxicology is “to
assemble individual NAMs into a comprehensive next-
generation risk assessment (NGRA) strategy” [16], as
a human-relevant, exposure-led, hypothesis-driven risk
assessment designed to prevent harm. Furthermore,
by integrating NAMs with advanced technologies and
big data, RA becomes more precise, informative, and
problem-oriented, capable of addressing gaps and un-
certainties [11, 17-19]. A good example is the general
NGRA workflow described by the EU Scientific Com-
mittee on Consumer Safety (SCCS) for the evaluation
of cosmetic ingredients [20].

To this aim, the construct of the adverse outcome
pathway (AOP) has been recognized as one of the fun-
damental tools to this transition. An AOP maps and
describes a sequence of toxicodynamic events tempo-
rally and causally linked to different levels of biologi-
cal organization (i.e., molecular, cellular, tissue, organ
and organism), resulting from the exposure to a stressor
(e.g., chemicals, physical stress, etc.) and causes a final
adverse event in human health and/or the environment
[21, 22]. Several biological, genetic, physical and chem-
ical insults contributed to the onset of the disease; how-
ever, a deeper understanding of disease mechanisms
and early and key events is an essential goal shared
among toxicological and regulatory areas.

The sequence of events defined by the AOP begins
with a molecular initiating event (MIE), which describes
the interaction between a stressor and its molecular
target (e.g., receptors, proteins, enzymes, DNA). This
interaction triggers a sequential chain of intermediate
events, called key events (KEs), which define certain
measurable biological/physiological changes that can
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Table 1

Models

In vitro

Ex vivo

In chemico

In silico and non-
testing methods

High-content
methods, others

Model/Method

Continuous cell lines
Microorganisms
Primary cells
Spheroids

Organoids

Reconstructed human tissues
(e.g., epidermis)
Co-cultures

Organ-on-a-chip/micro-
physiological systems

Tissues or organs

Purified targets and biochemical
assays

Isothermal titration calorimetry

Extensive literature search,
systematic review and
metanalysis

Read across

Grouping

(Q)SAR

TTCs

PBK models

Weight of evidence

(QIVIVE

Data waiving

Data sharing
HTS

Advanced bioimaging and
bioscanning

Omics (genomics, transcriptomics,
proteomics, or metabolomics,
etc.)

Classification and characteristics of new approach methodologies (NAMs)

Main characteristics

Cultured cells from a single clone, derived from tumors, pluripotent cells, or cells
taken from an organism and immortalized, grown under controlled conditions

Microbial cultures grown in predetermined culture medium under controlled
laboratory conditions

Cells taken directly from living tissue (e.g., biopsy material) and established for
growth in vitro

Spherical cellular units that are generally cultured as free-floating aggregates

Self-organized cells grown in 3D using scaffolds to mimic the extracellular matrix,
typically derived from stem cells (pluripotent, fetal or adult). They form structural
units that resemble the organ in structure, biology and function

Tissue model differentiates and stratifies similar to native human tissue (3D)

Different types of cells (2D and/or 3D) grown together under controlled
conditions

Multi-channel 3D microfluidic cell culture, integrated circuit (chip) that simulates
the activities, mechanics and physiological response of an entire organ or an
organ system

“Outside of a living body", the living tissues or entire organs are directly taken from
a living organism and studied in a limited time with no or minimal alterations

Enzymes, receptors, proteins for evaluation of reactivity, binding, changing in
conformation after exposure to an agent; they are used to detect, quantify and/or
study the binding or activity of biological molecules

A label-free quantification method used for the evaluation of a wide variety of
biomolecular interactions

Useful tools for evaluating the status of research on a given topic and identifying
data gaps and research needs

Relevant information from one or more compound(s) is used to predict the
properties of a target compound with similar chemical/ physical / toxicological
properties (e.g., genotoxicity)

Evaluating more than one substance at the same time such as structural
analogues and/or entire classes of chemicals

Mathematical models providing a correlation between compounds chemical
structure and a property or activity (qualitative or quantitative)

The establishment of a generic exposure level for a class of chemicals below
which there would be no appreciable risk to human health.

Mathematical modelling technique for predicting the ADME of synthetic or
natural chemical substances

A process in which evidence is integrated to determine the relative support for
possible answers to a scientific question.

In vitro to in vivo extrapolation: the qualitative or quantitative transposition of
experimental results or observations made in vitro to predict phenomena in vivo

Avoiding performing test if:
- not scientifically necessary
- not technically feasible

- relevant data already exist

Existing studies involving or not vertebrate animals conducted can be shared for
use to avoid unnecessary animal testing or reduce costs

The use of automated equipment to rapidly test thousands to millions of samples
for biological activity at organism, cellular, pathway, or molecular level

Methods that non-invasively visualize biological processes in real time

Genomics can facilitate analysis of entire or component genome sequences
of an organism. Transcriptomics and proteomics provide significant bodies of
information on temporal and spatial expression of genes and gene products,
respectively, whilst metabolomics captures data for a large pool of metabolites

ADME: absorption, distribution, metabolism and excretion; HTS: high-throughput screening; PBK: physiologically based kinetic; (Q)IVIVE: quantitative in vitro to in
vivo extrapolation; (Q)SAR: quantitative structure-activity relationship; TTCs: thresholds of toxicological concern.
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occur if the perturbation is sufficiently relevant in terms
of power, duration, and frequency to exceed the thresh-
old of adversity. These KEs are linked by a temporal,
causal, empirical relationship and biological plausibil-
ity (key event relationship — KER). The resulting AOP
framework provides a clear, evidence-based progression
from the MIE to the observed apical event or adverse

outcome (AO) (Figure 1) [23, 24].

While the primary goal of developing an AOP is to
systematically identify and organize existing knowl-
edge in a structured manner, this tool may also allow
for identifying current knowledge gaps that, when ad-
dressed, may further enhance its predictivity. AOPs are
also considered “knowledge bridge”, reflecting their role
in connecting mechanistic data with AOs. The follow-
ing key characteristics underscore the stepwise develop-
ment of AOPs and their utility in RA:

* stepwise organization of events: sequentially link al-
terations at the molecular level to broader biological
changes at the organelle, tissue, and organism level;

* mechanistic integration: incorporate mechanistic in-
formation into a defined, causal and plausible con-
struct of KEs leading to the AO, allowing the appro-
priate use of specific NAMs;

e relevance assessment: support the evaluation of the
relevance of experimental toxicological and/or epide-
miological data;

e uncertainty definition: define and identify the uncer-
tainties related to the available data;

e data gap identification: identify any missing data
points easily and immediately, aiding the refinement
of pathways and methodologies;

e research and regulatory prioritization: address re-
search needs and establish criteria for prioritizing
regulatory/decision-making actions [25-27].

The implementation at the regulatory level of the
AQPs is among the main objectives of various Europe-
an and international bodies (i.e., ECHA, EMA, EEA,

JRC-EURL ECVAM, OECD, WHO, FAO, US-EPA,
FDA). Specific initiatives developed within these in-
stitutions have been launched to support the adoption
and refinement of AOPs, among which:

¢ EU PARERE Network — Preliminary Assessment of
Regulatory Relevance Network — a platform for as-
sessing the regulatory relevance of new tools and ap-
proaches (https://shorturl.at/dswAR);

¢ PARC - Partnership for the Assessment of Risks from
Chemicals - a collaborative EU initiative to improve
RA methodologies and promote innovation in the
chemicals RA sector (https://www.eu-parc.eu/);

* AOP-Wiki a collaborative online platform for orga-
nizing, sharing, and refining AOP-related data and
information (https://aopwiki.org) [2, 7, 10, 11].

The AOP framework might be used as a starting point
not only to organize the available data and information,
but also to identify knowledge gaps, evaluate uncer-
tainties, shape future research lines and regulatory and
decision-making prioritization criteria.

While the scientific foundations of AOPs have also
been recently reviewed in literature, as well as AOPs re-
lated to specific endpoints or chemicals [28], the present
work provides a systematic and original analysis on how
AOPs have been implemented within the EFSA regu-
latory framework. In reconstructing the NAM-based
event flows, this paper identifies practical limitations in
regulatory acceptance, and highlights opportunities for
improvement, e.g., by strengthening toxicokinetic data
integration, empirical support, and cross-AOP consis-
tency. This regulatory-focused perspective may offer a
novel viewpoint in RA and regulatory decision-making.

METHODOLOGY

This study, covering the period from 2010 (when the
AOP concept was introduced) to July 2024, follows a
systematic approach to collect, evaluate, and analyze
existing data. The principles of the PROMETHEUS

Figure 1

Summary of the adverse outcome pathway construct and levels of biological organization.
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(Promoting methods for evidence use in scientific as-
sessments) initiative, developed from EFSA, and PRIS-
MA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) 2020 guidelines were used for this
purpose [29-31]. In addition, a structured literature re-
view using extensive literature search (ELS) methodol-
ogies was performed through three different databases,
Web of Science, PubMed, and EFSA Search. The key-
words were derived from the EFSA glossary and MeSH
vocabulary (Medical Subject Headings). The generated
search strings are reported in Table S1 available online.

The results were organized using EndNote Web and
Rayyan software, enabling both manual and automated
screening. Machine Learning (ML) tools were applied
to streamline the organization of results, identify dupli-
cates, and highlight relevant studies [32]. Studies meet-
ing the inclusion criteria (summarized in Table S2 avail-
able online) underwent further analysis, while irrelevant
studies were excluded.

To complement the literature review, the AOP-Wiki
database was accessed to analyze and verify the status
and applicability of the AOPs included in this study.

RESULTS

Figure 2 summarizes the results of the ELS, integrat-
ing systematic evidence collection with AOP evaluation
to address the study objectives. Currently in the EFSA
context, the use of AOPs/AOP networks is proposed for
the assessment of toxicological properties linked to i)
the development of Parkinson’s disease (PD) and child-
hood leukemia (CHL) of some active substances used
in plant protection products (PPPs) [33-36], ii) devel-
opment of uterine adenocarcinoma by substances hav-
ing endocrine disrupting properties [37, 38], iii) endo-
crine disrupting properties of perfluorooctanesulfonic
acids (PFOS) (pollutants, excluded from this analysis)
[39].

For this study, two AOPs were selected for in-depth
analysis: (case 1) “mitochondrial dysfunction and neu-
rotoxicity”, relevant to PD, and (case 2) “Increased
estradiol (E2) activating the ERa estrogen receptor”,
associated with endocrine disruption and uterine ad-
enocarcinoma. These AOPs were chosen based on their
direct relevance to PPP RA, robust scientific basis, and
application within EFSA regulatory evaluations. While

AOP - EFSA

c
.g Records identified from:
o Web of Science (n=312)
!'5 PubMed (n=218)
o EFSA search (n=18)
3
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(n=249)
o
£
c
)
o
4]
v
Reports sought for retrieval

(n=6)
=
% Full text articles accessed
) for eligibility (n=35)
w
° Papers matching the criteria
]
T (n=8)
© Records included in the study
c
= (n=6)

Records removed before screening:
Duplicate records removed
(n=236)

Records marked as ineligible
by automation tools (n=63)

Records excluded:
Automated (n=85)
Manually (n=102)

Reports not retrieved
(n=4)

Full text articles excluded
or used for background description (n=23)

Figure 2

Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram for the extensive literature search of
adverse outcome pathways (AOPs) used in the European Food Safety Authority (EFSA) regulatory context.
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additional AOPs were identified, including those linked
to childhood leukemia and environmental pollutants
(e.g., PFOS), they were excluded due to limited ap-
plicability to pesticide regulation. The selected AOPs
represent distinct toxicological pathways, neurological
and endocrine disruption, providing a focused yet com-
prehensive evaluation of the AOP framework in regula-
tory decision-making. The supporting publications and
documents related to these AOPs were also analyzed
[33-39].

In analyzing the AOPs, we considered evidence from
both animal studies and NAMs, as identified through
a systematic review. However, our analysis aimed to
construct an AOP-based event flow using only NAMs
whenever possible, critically evaluating their applicabil-
ity and limitations. The resulting NAM batteries incor-
porate all available non-animal studies, except for the
AO, where only limited alternatives currently exist.

Case 1: PPPs exposure and Parkinson’s disease

In the preparatory stage, EFSA published the results
of a literature review on epidemiological data linking ex-
posure to active substances in PPPs to the occurrence
of various health effects [33]. Subsequently, the EFSA
Panel on Plant Protection Products and their Residues
(PPR) was mandated to investigate exposure to PPPs
as a risk factor for the development of PD and CHL.
To define whether there was a biological plausibility
between exposure to PPPs and these two diseases, the
EFSA conducted a study, using the AOP construct as
the most appropriate investigation tool. After an addi-
tional systematic review of the literature, the in-depth
literature analysis by using the weight of evidence
(WoE) approach was fundamental for the identifica-
tion of the specific AOs and chemical stressors, as well
as for the assessment of related MIEs, KEs and KERs
(33-36].

Parkinson’s disease — methodologies and AOP “mitochon-
drial dysfunction and neurotoxicity”

Epidemiological studies and ELS were indispens-
able tools for formulating the problem and the initial
hypotheses. Using a top-down approach, the AO to be
examined was identified. Studies on PD with genetic
predisposition were excluded from the systematic re-
view, in addition to those involving radiation and cy-
totoxic chemotherapeutic drugs. The studies related to
mechanisms, mode of action (MoA) and KEs involved
in PD pathogenesis and their organization levels were
selected. Based on this groundwork, four AOPs for PD
were formulated: three qualitative AOPs and a puta-
tive AOP. Two qualitative AOPs underwent structured
evaluation based on OECD principles but are not fully
validated, while the putative AOP remains at an early
conceptual stage and requires further validation before
integration into formal regulatory frameworks.

The AOP, having the inhibition of the mitochondrial
complex I (Complex [ — CI, NADH-ubiquinone oxido-
reductase) of nigro-striatal neurons as MIE, and an AO
characterized by Parkinsonian motor deficits, under-
went OECD peer review, making it the most advanced
among them in terms of regulatory application.

Different classes of pesticides (e.g., organochlorines,
pyrethroids, carbamates, antifungals) or single active
substances were analyzed in the ELS. Among these,
three specific compounds were selected as prototypical
neurotoxicants for assessing the MIE, KEs, and KERs:
paraquat (a dipyridine insecticide), rotenone (a natu-
rally derived insecticide/acaricide), 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP, a tetrahydropyri-
dine compound). The three compounds are known to
cause neurotoxicity and permanent PD symptoms.

In addition to one MIE, five KEs have been defined:
three at the cellular level (Complex I inhibition, mito-
chondrial dysfunction and altered proteostasis) and two
at the organ level (degeneration of dopaminergic neu-
rons of the nigrostriatal pathway and neuronal inflam-
mation). For each step, the NAMs used and/or usable
for the assessment were identified, including in vitro, ex
vivo tests, as well as the evaluation of existing data. The
battery of tests that can be used for each event is sum-
marized in Table 2.

The WoE methodological approach used in the AOP
construction followed the modified Bradford-Hill crite-
ria [28]. This approach evaluates: (1) biological plau-
sibility, (2) empirical support in terms of linkage, (3)
quantitative understanding of the relationship, (4) tax-
onomic applicability, life stage and gender-specific ef-
fects, (5) uncertainties and inconsistencies. Additional
criteria used during this evaluation are i) analogy, i.e., a
comparable association between the same outcome and
a similar exposure or the same exposure and a similar
outcome, and ii) coherence, in terms of concordance
between the epidemiological data and the available ex-
perimental studies.

The relationships between the individual KER events
were very complex and are described in detail by Ter-
ron et al.: eight KERs were analyzed using the WoE
approach guided by the modified Bradford-Hill criteria
35].

The AOP delineated in the EFSA report (Appendix
A) [32] was uploaded to the AOP-Wiki under the des-
ignation “mitochondrial dysfunction and neurotoxic-
ity” (ID: 3). The evaluation process involved an initial
peer review by the OECD Working Group of the Na-
tional Coordinators of the Test Guidelines Programme
(WNT) and the Extended Advisory Group on Molecu-
lar Screening and Toxicogenomics (EAGMST). Follow-
ing these reviews, the AOP was endorsed. At this stage,
the AOP remains open for consultation, citation, and
refinement.

Case 2: AO uterine adenocarcinoma

In the second case study, the EFSA mandate to de-
velop AOPs to be integrated into a network was ex-
amined. The AO under consideration was the devel-
opment of uterine adenocarcinoma in mammals. The
aim is the identification of active substances with MoA,
characterizing them as endocrine-disrupting chemicals
(EDCs) [37, 38].

The adopted methodology was an evidence-based ap-
proach, relying on non-testing methods with an initial
mapping phase of scientific literature (e.g., ELS, lit-
erature mapping), by using a top-down approach. The
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New approach methodologies (NAMs) battery for the adverse outcome pathway (AOP) “mitochondrial dysfunction and neurotox-

Test

Molecular docking simulations: based on mimicking the
binding of chemicals to the pocket of NADH ubiquinone
oxidoreductase

Quantitative autoradiography

Forward electron transfer
Reverse electron transfer
Complex | activity dipstick assay

Oxygen consumption,

Intracellular ATP levels

Measurement of NADH/NAD+ ratio in mitochondria by
imaging methods

Cellular oxygen consumption (ADP-to-O ratio)
Mitochondrial membrane potential
Mitochondrial PTP opening

mtDNA damage as a biomarker of mitochondrial
dysfunction

ATP content assay

General turnover assay by IHC or WB

Detection of a-synuclein aggregates by imaging, WB, MS or
immuno-quantification

Proteasome reactivity assay immunocyto/histochemistry or
western blotting

Monitoring of autophagy-related molecules by mean
of fluorescence-tags or quantification of lysosomes or
autophagosomes

Phenotypic histological marker measurement (TH, DAT,
VMAT2)

Degenerating and/or degenerated neurons can be
detected by the silver stains and the Fluoro-Jade stains
Cell counting

Quantification of cellular markers (e.g., pro- and anti-
inflammatory cytokine expression, immunostimulatory
proteins)

Quantification of released mediators

Determination of total contents of dopamine and its two
metabolites HVA and DOPAC by HPLC-EC or HPLC-MS

Table 2
icity”
Event Description Proposed approach
MIE Binding of an inhibitor to In silico models
NADH
ubiquinone oxidoreductase
(complex I) In vitro/ex vivo
KE1 Inhibition of NADH In vitro models:
ubiguinone oxidoreductase  direct test (performed on
(complex 1) homogenates of cells or
tissues, and requires at
least a
partial purification of
mitochondria or respiratory
chain components)
Indirect test
KE2 Mitochondrial dysfunction  In vitro models:
cells in culture
isolated mitochondria
KE3 Impaired proteostasis In vitro models:
evaluation of UPS function
Evaluation of ALP function
KE4 Degeneration of In vitro
dopaminergic neurons of *
the nigrostriatal
pathway
KE5 Neuroinflammation In vitro
AO Parkinsonian motor deficits  In vitro
In vivo
Exvivo

Imaging by PET and SPECT

Detection of dopamine neuron terminals in the striatum
Behavioural tests

Regulatory studies (OECD 407, 408, 422, 424, 426, 443)

MIE: molecular initiating event; KE: key event; AO: adverse outcome; NADH: nicotinamide adenine dinucleotide hydrogen; ATP: adenosine triphosphate; ADP:
adenosine diphosphate; PTP: permeability transition pore; UPS: ubiquitin-proteasome system; ALP: autophagy-lysosome pathway; IHC: immune-histochemistry;
MS: mass spectrometry; TH: tyrosine hydroxylase; DAT: dopamine transporter; VMAT2: vesicular monoamine transporter type 2; HVA: homovanillic acid; DOPAC:
dihydroxyphenylacetic; HPLC: high performance liquid chromatography; ED: electrochemical detector; PET: positron emission tomography; SPECT: single photon

emission computed tomography.

*Some studies in C. elegans, Drosophila, zebrafish and Lymnaea stagnalis were also carried out; **some studies in zebrafish were also carried out.

WoE was used throughout the entire process, combined
with expert judgment, in a structured and guided man-
ner, i.e., Expert Knowledge Elicitation (EKE) [40]. Af-
ter identifying the construct formulation questions and
defining the scope of the evaluation, four AOPs were
postulated with different MIEs and KEs. Through a hi-
erarchical evaluation of the available data (human stud-
ies, in vivo and in vitro), literature mapping allowed the
identification of the most plausible MIEs/KEs/KERs.

Subsequently, ML techniques, including topic model-
ling, were employed to perform an automatic screening
of the literature for the characterization and evaluation
of the biological plausibility of KERs [32].

For the empirical support necessary for the WoE of
KERs, two substances known to have estrogenic ac-
tion, i.e., tamoxifen and estradiol, were selected. The
strength of the KERs was assessed considering criteria
of biological plausibility, empirical evidence, and essen-
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tiality. The latter was evaluated by addressing whether
blocking an upstream KE prevents downstream KEs or
the AO. Finally, the developed AOPs were re-evaluated
and integrated into a network.

According to a top-down approach, the common AO
across the network is the development of uterine ad-
enocarcinoma, with a key node, i.e., a meeting point
between the various MIEs and/or KEs, identified as
increased estradiol (E2) activating the ERa estrogen
receptor. The identified MIEs were divided into uterine
and extra-uterine molecular events.

Recently, the AOP 503 “Activation of uterine estro-
gen receptor-o leading to endometrial adenocarcinoma,
via epigenetic modulation” has been formally submitted
and publicly available on AOP Wiki, providing informa-
tion on its applicability domain, KEs, and quantitative
evidence. In AOP 503, the MIE is the activation of
ERa in the uterus (KE 1065). The pathway then pro-
ceeds through four downstream KEs: (1) an epigenetic
modification process (KE 2152), (2) altered expression
of proliferation-related factors (KE 2153), (3) glandular
epithelial hyperplasia in the endometrium (KE 772),
and (4) genomic instability (KE 1896), which ultimate-
ly leads to type I endometrial (uterine) adenocarcinoma
(AO 2154). A battery of tests with detailed MIE, KEs
and AO was constructed and presented in Table 3.

Its life-stage applicability is the adult status; the taxo-
nomic domain includes mammals, especially humans
and mice. Its sex applicability is defined as female, con-
sistent with the biology of the uterine endometrium.
Empirical support remains rooted in the two agonists,
which serve as prototypical stressors of ERa activation.

The evaluation of KERs is ongoing. One of the most
important insights from the updated AOP is the role
of epigenetic modulation (KE 2152): activation of ERa

leads to changes in chromatin structure, such as histone
acetylation or DNA hypomethylation, which then af-
fect the expression of proliferation-driving genes (KE
2153). These altered expression patterns promote hy-
perplasia (KE 772), and over time, genomic instability
(KE 1896) increases, setting the stage for malignant
transformation into endometrioid adenocarcinoma.

DISCUSSION
General considerations

At a regulatory level, specific provisions govern the
RA of certain substances, addressing unique regula-
tory needs. For complex adverse effects, such as those
studied here, no single test — whether animal-based or
NAM-based - is enough to fully describe toxicological
properties and satisfy regulatory standards. Both the
development of PD and estrogen-dependent uterine
adenocarcinoma involve complex processes, with their
MoA and pathogenesis not yet fully elucidated. Like-
wise, it remains critical to clarify and confirm whether
exposure to certain substances poses a risk for the de-
velopment of these pathologies. Keeping these complex
questions in mind, the EFSA PPR Panel divided them
into domains and considered the construction of AOPs
as the most effective way for integrating information to
better understand adverse events.

The goal of these constructs is to support regulatory
applications by identifying those substances that share
the same MIE and KE, leading to neurotoxic or endo-
crine-disrupting properties.

There are many approaches described in the literature
for the development of an AOP: starting from the apical
effect and, going backwards, building the path towards
the MIE (top-down approach), or, on the contrary, start-
ing from the MIE and building the path going towards
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Table 3
NAM:s battery for the AOP “ERa. activation”
Event Description Level of biological Proposed Test
organization approach
MIE ERa activation Molecular In vitro OECD 493
OECD 455
KE1 Epigenetic modulation Cellular In silico ToxCast
In vitro Histone methylation assays
Omics DNA methylation assays
miRNAs and LncRNA
KE2 Expression of factors ruling Cellular in vitro Luciferase Reporter Gene assay
proliferation Omics Protein expression (immunohistochemistry, western
blot, immunoassay)
transcriptome RNA sequencing
KE3 Increased proliferation Tissue In vitro Cell proliferation assay
(hyperplasia)
KE4 Genomic instability Tissue In vitro/ex vivo FISH
(accumulation of mutations) Flow cytometry
OECD 476
OECD 490

OECD Guidance document 231

AO Uterine adenocarcinoma Organ Human data
(endometrioid In vivo
adenocarcinoma Type |)

Human histological classification
OECD 451

NAMs: new approach methodologies; AOP: adverse outcome pathway; MIE: molecular initiating event; KE: key event; AO: adverse outcome; ERa: estrogen receptor-
alfa; FISH: fluorescence in situ hybridization.
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the AO (bottom-up). Other types of approaches by anal-

ogy, case study or the middle-out approach can be con-

sidered similarly appropriate [27]. Although no single
approach dominates, common steps are always involved:

1. hypothesis definition: establishing the purpose of the
AQP;

2. KE and KER identification: researching and defining
KEs, KERs, and tools (e.g., NAMs) for identifying
and quantifying specific events;

3. biological applicability domains: defining “the bound-
aries” within which each KE operates. As an example,
a biological event described by a KEs can be relevant
only for one or a few species, gender or age (respec-
tively, taxonomic, gender, or life stage applicability);

4. evaluation and verification: assessing assembled
events and refining the AOP iteratively until suffi-
cient confidence and predictability are achieved.
Before this assessment stage, an AOP is defined as

putative, and its refinement and integration process are

iterative. The confidence, predictability and regulatory
fitness for an AOP must be evaluated. During all phas-
es, ranging from development to evaluation of AOPs,
what should not be underestimated is the identification

and description of associated uncertainties [26].

A report is then prepared as described in the OECD
guidelines and reviewed by the WNT and/or EAGMST
groups to finalize the AOP endorsement (or rejection).
It has been estimated that the average time to progress
from the development of a single AOP to its inclusion
on the AOP-Wiki, and completion of review and accep-
tance, exceeds three years [22, 25].

It should be emphasized that, by nature, AOPs are
evidence-based constructs grounded in biological plau-
sibility and empirical data. As such, they are living doc-
uments that evolve with technological advancements
and regulatory requirements. Updates to AOPs hap-
pen as new evidence becomes available or when driven
by regulatory or decision-making needs. However, as
empirical evidence grows, so does the uncertainty sur-
rounding the use of NAMs. In this context, consider-
able effort should be focused on assessing the relevance
of both the NAMs used and the entire AOP, while also
accounting for disease complexity from kinetic and dy-
namic viewpoints.

AOP “mitochondrial dysfunction and neurotoxicity”

In the first case study, the authors undertook the chal-
lenging task of capturing the onset of a complex disease
(PD) by AOP. This AOP is included in the AOP-Wiki
database and has undergone OECD evaluation and re-
view, reaching “endorsed” status. As a result, it is open
for regulatory consultation, further refinement, and ap-
plication in toxicological RA.

Of the 429 AOPs currently present on the platform,
only 29, approximately 7%, are in the approved state
and only 10% are citable. The AOP inclusion in an in-
ternationally recognized database can encourage its
use in research and chemical RA. However, the limited
number of endorsed AOPs - partly due to the optional
nature of the endorsement process — sheds light on the
need for greater international collaboration and har-
monization in chemical safety science. The applicabil-

ity domains, supported by strong evidence, are adult
(life stage), human and rat (taxonomy) and not sex de-
pendent. According to all criteria, the strength of the
link between each phase — MIE, KEs, KERs — and the
overall AOP and between MIE and AO was evaluated
as “strong” (in a scale foreseeing strong, moderate and
weak). Similarly, the biological plausibility of this AOP
is overall considered strong. The use of two known CI
inhibitors, MPTP and rotenone, supports the WoE for
the high relationship between the KEs. Experimental
data with these two chemicals reveal significant concor-
dance in dose-response relationships between MIE and
AO and among KEs.

Based on the above considerations, this AOP has
been considered within the overall neurotoxicity assess-
ment, in compliance with (EC) Regulation n. 283/2013,
since it is plausible that any compound that binds to the
mitochondrial CI may eventually lead to Parkinsonian
motor deficits.

Our analysis focuses on NAM-based tests applied
within the AOP framework. This case study may repre-
sent a reference case for this aim, due to uncertainties
linked to the extrapolation of data obtained with animal
testing. Indeed, animal studies analyzed by EFSA PPR
were carried out on knockout or mutational models.
While these models may provide some information on
familial PD pathogenesis, they fail to address mecha-
nisms leading to primary idiopathic PD, which involves
complex gene-environment interactions that are not
fully replicated in rodents. Moreover, rodents are poorly
representative of the extended human lifetime as well
as of the human long-term exposure to the potential
toxicants. Although rodents and humans share similar
brain regions, significant differences exist in terms of
size, structural organization, and complexity. Addition-
ally, the kinetic behavior of neurotoxicants may vary sig-
nificantly between species. Specifically, the prefrontal
cortex, critical for higher cognitive functions in humans,
is far less developed in rodents.

For these reasons, while the battery of NAMs pre-
sented in Table 2 shows the potential for using simple
and well-known tests, mainly in vitro or in chemico,
several data gaps also emerge. Addressing these gaps
requires targeted studies, particularly those leveraging
NAMs. One example may be the establishment and
implementation of mixed neurons/glial co-cultures to
meet the data requirements for pesticide approval for
neurotoxicity screening. These may play a key role in
the development of ad-hoc in vitro batteries for neuro-
toxicity screening.

A promising scenario for advancing neurotoxicity
assessment should be the use of human-derived cel-
lular models, such as induced pluripotent stem cells
(iPSCs) or brain organoids. These models allow the
study of neurotoxicity in a species-specific context and
support the development and validation of biomarker
signatures for apical events, such as neuroinflamma-
tion, through high-content and omics methodologies.
For any of the test systems selected, it should be un-
derlined the importance of including a biokinetic study
in any in vitro tests to understand the real cell exposure,
avoiding to correlate any readout to the nominal tested



ADVANCING PESTICIDE RISK ASSESSMENT

concentration(s), as also recommended by the OECD
GIVIMP Document [41]. This also includes the char-
acterization of the test system, particularly in terms of
metabolic competence and transporter activity, crucial
to carefully consider the biological relevance of these
approaches, to enhance their translational value.

AO uterine adenocarcinoma

Recent updates to the AOP-Wiki confirm that AOP
503: activation of uterine estrogen receptor-o leading
to endometrial adenocarcinoma, via epigenetic modu-
lation is now formally deposited. Importantly, ERa ac-
tivation (KE 1065) is not unique to this AOP but rep-
resents a shared MIE or early KE across several AOPs.
For example, AOPs 445, 561, 565, and 609 all incor-
porate ERa activation as a mechanistic entry point for
estrogen-mediated biological perturbations. This over-
lap underscores the centrality of this molecular event
within endocrine-related AOP networks and highlights
the necessity of evaluating uterine adenocarcinoma not
through a single linear pathway, but within the broader
context of interconnected AOPs converging on ERa-
dependent signaling.

In AOP 503, ERa activation initiates downstream
events including epigenetic modifications, altered ex-
pression of proliferation-related genes, endometrial epi-
thelial hyperplasia, and genomic instability, ultimately
leading to type I endometrial adenocarcinoma. How-
ever, because ERa activation also appears in multiple
other AOPs, distinguishing tissue-specific downstream
cascades (e.g., uterine vs mammary vs hypothalamic re-
sponses) remains a regulatory challenge. The presence
of this shared node reinforces the need for harmonized
criteria for evaluating ERa-driven mechanisms across
AOQOPs, including standardized methodology for charac-
terizing estrogen responsiveness, quantifying epigenetic
alterations, and linking systemic and tissue-specific es-
tradiol levels.

EFSA has identified data gaps that must be addressed
before AOP 503 and its related network can be reliably
used for regulatory screening of endocrine disruptors.
These include the refinement of tissue-level estrogenic
assays beyond receptor binding, improved quantita-
tive correlations between circulating and uterine E2
concentrations, and NAMs specifically targeted to
estrogen-dependent epigenetic mechanisms. Strength-
ening these areas will be essential for progressing AOP
503 toward OECD evaluation and potential regulatory
adoption.

Limitations about the use of NAMs and AOP in
regulatory framework

Introducing NAMs into regulatory frameworks is
often hindered by specific legislative requirements. As
an example, the CLP classification criteria for systemic
toxicity and the corresponding information require-
ments under REACH refers to OECD TGs, largely
based on traditional animal studies. NAM-based strat-
egies especially for systemic toxicity end-point are not
considered sufficiently valid and not validated, and are
generally used for screening purposes by applicants, but
not always included in the technical-scientific regula-

tory dossiers. It is therefore challenging to adapt NAMs
to the current CLP system. Consequently, a new clas-
sification scheme is being developed, based on toxico-
dynamic and toxicokinetic properties obtained through
NAM-based testing strategies. Under this scheme,
chemicals would be ranked into three levels of concern:
high, medium, and low [42].

Toxicological processes leading to an adverse out-
come (AO) can be viewed as a continuum of events,
starting from exposure to an external dose, progress-
ing to the systemically available dose, and ultimately
reaching the biologically effective dose at the target
organ, tissue, cell, or receptor. This continuum may be
described by MoA, which includes both toxicokinetic
(TK) and toxicodynamic (TD), or by the AOP frame-
work, which focuses solely on the TD dimension and
is often considered “chemical agnostic”. However, this
distinction is important because a TK step, such as the
metabolic bioactivation of a non-toxic chemical into a
toxic metabolite, can itself constitute a KE. It is evident
also from the case studies analyzed in this paper that
among some limitations of the current AOP-based ap-
proach in pesticide RA, the TK information was not in-
tegrated into the AOP construct. The majority of KEs
are anchored in a TD understanding, whereas critical
determinants of internal dose are frequently absent.
This limitation, together with the lack of information
about in vitro biokinetics, restricts the extrapolation of
in vitro NAM results (e.g., by a Quantitative in vitro to
in vivo extrapolation — QIVIVE-modelling) to real expo-
sure scenarios. Some improvements have been made,
using the aggregate exposure pathway (AEP) frame-
work or trying to quantify the KERs e.g., understand-
ing if the magnitude of KE, is sufficient then to trig-
ger KE, (the “if and then statement” or the biological
plausibility of the relationship). Mathematical models
enable the quantitative prediction of KERs using avail-
able biological data, facilitating the transition from an
AOP to a qAOP [43]. While an AOP can be used to
identify hazards, a gqAOP can support risk evaluation,
provided that an appropriate exposure scenario and
complementary information on the chemical’s bioki-
netic properties are available. Quantification is neces-
sary for a more reliable prediction of chemical specific
effects, including potency, which is a prerequisite for
risk assessment [44, 45].

In addition, incorporating PBK models can help link
external exposure to internal concentrations relevant
to KEs [44]. Furthermore, the development of TK-TD
models enables the quantification of temporal concor-
dance and dose-response behavior along the pathway.

Furthermore, recent studies have emphasized the
strong context-dependence of several neurotoxic out-
comes, including Parkinsonian phenotypes, which
are determined by factors such as age, developmental
stage, co-exposures, and systemic inflammation [45]. It
is evident that these aspects have not yet been captured
by linear AOP structures. In order to enhance the regu-
latory applicability, specific methodological improve-
ments can be pursued. The following four points are
to be considered: (i) expanding the use of high-content
and omics-based NAMs for KE quantification; (ii) de-
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fining minimum performance criteria and reporting
standards for NAMs included in regulatory batteries;
(iii) promoting the development of gAOPs with defined
quantitative KERs and exposure thresholds; and (iv)
harmonizing cross-AOP analysis for shared biological
nodes, such as ERa activation.

CONCLUSIONS

In conclusion, this study evaluated the application of
AOPs and AOP networks by the EFSA, together with
associated NAM batteries, through two case studies
addressing pesticide-related Parkinson’s disease and
endocrine disruptor-induced uterine adenocarcinoma.
The analysis of the complete AOPs and corresponding
NAMs highlighted key strengths and limitations of the
AOP-based approach and assessed their current level
of integration within the regulatory framework. Look-
ing to the future, the scientific and regulatory relevance
of AOPs and qAOPs is expected to grow, supporting
NGRA by providing reliable, human-relevant, and ethi-
cally sustainable tools for modern regulatory toxicology.
This highlights the need for stronger international col-
laboration to streamline endorsement processes, ensure
consistency in chemical safety assessments and acceler-
ate the integration of AOPs, particularly their quanti-
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Introduction. The COVID-19 pandemic had a profound impact on global health, nota-
bly affecting patients with non-COVID-19 conditions, who faced substantial disruptions
in their treatment and care. The aim of this narrative review was to identify the main
indicators used in literature to evaluate the indirect impact of COVID-19 on health and
wellbeing.

Method. A literature search was conducted using PubMed from January 2021 to No-
vember 2022. The indicators were categorized into five main groups: burden of disease
(BoD), life expectancy (LE), health-related quality of life (HRQoL), cost of illness and
mental health status and were retrieved from 20 scientific articles.

Results. Disability-adjusted life years (DALYs) revealed substantial health losses; a
decrease in LE was observed, with inequalities across population subgroups; HRQoL
showed impairments in physical functioning, daily activities and emotional well-being;
productivity losses were economically relevant and varied by context and elevated symp-
toms of anxiety and depression were reported.

Discussion. The compiled indicators may contribute to the development of sustainable

pandemic mitigation policies.

INTRODUCTION

The COVID-19 pandemic had a profound impact on
global health, particularly for patients with non-COV-
ID-19 conditions who experienced significant disrup-
tions in their treatment and care. Hospitals postponed
routine procedures for planned care [1-3], and public
health systems issued guidelines to mitigate the risk of
patients with cancer facing higher risks [4]. It was es-
timated that the disruption caused by the COVID-19
pandemic could result in an additional 18,000 cancer-
related deaths in England (UK) [5]. A higher incidence
of severe events in cancer patients have been reported
based on a meta-analysis of 26 studies [6]. Furthermore,
in June 2020, direct access to primary care was restrict-
ed, with general practitioners adopting telephone and

video consultations in place of in-person visits [7]. Visits
to urgent and emergency care services also decreased
significantly following the onset of the pandemic, which
likely resulted in patients postponing or forgoing essen-
tial medical attention [8]. Some patients required emer-
gency care as their conditions worsened due to the lack
of timely treatment [9, 10], while hospitalizations for
chronic conditions may have risen as a consequence of
the social-distancing measures implemented [11].

The increased pressure on health systems, caused
by worsened health-status of patients who forewent
timely treatment during the pandemic, has two po-
tential implications. First, it might increase the costs
to the national health systems due to increased need
of medication [12, 13] and longer working hours for
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health-care staff [14] (https://aspe.hhs.gov/reports/
covid-19-health-care-workforce). Second, it may ne-
glect the health of some groups who are more vul-
nerable than others (e.g., those with underlying co-
morbidities, children, homeless, pregnant women,
migrants and people with disabilities) [15]. Early evi-
dence suggested large differences between groups. For
instance, for cancer deaths and other indirect deaths
(i.e., drug- and alcohol-related deaths, suicides, fatal
accidents, and all other causes), excess years of life lost
(YLL) indirectly attributable to the pandemic ranged
from 11,710 (95% CI: 2,694-20,725) in the least de-
prived quintile to 18,298 (95% CI: 10,754-25,810) in
the most deprived quintile in England and Wales [16].
The impact of COVID-19 restrictions has been uneven
across communities, with areas of higher deprivation
and those with ethnic minorities suffering the worst of
COVID-19  (https://ifs.org.uk/publications/are-some-
ethnic-groups-more-vulnerable-covid-19-others).

Different types of indicators have been used to assess
the indirect impact of the COVID-19 health crisis, such
as burden of non-COVID-19 diseases [17] or life ex-
pectancy (LE) non-attributable to COVID-19 disease,
among other indicators. Some examples of reviews
published between 2021 and 2022 have described the
impact of COVID-19 pandemic on quality of life [18],
burden of disease [19] and mental health in the general
population and vulnerable groups [20].

This study aimed to conduct a narrative review to
identify and describe the key indicators employed in
the research literature to assess the indirect impact of
COVID-19 on health and wellbeing.

MATERIALS AND METHODS
Design

We conducted a narrative review to provide an over-
view of the most relevant indicators across various topics.
The studies relevant to this review had heterogeneous
designs, and many lacked the use of established data col-
lection protocols and theoretical frameworks necessary
for a comprehensive and quantitative synthesis. Our nar-
rative review — supported by a predefined search strategy
and selection criteria — offered a more flexible and fea-
sible approach for identifying and analysing the indirect
impact of COVID-19 on health and wellbeing.

Eligibility criteria

A literature search was conducted on PubMed, cov-
ering the period from January 2021 to November 2022.
The selection criteria included studies published in
peer-reviewed journals in the English language. Coun-
try reports and policy briefs were excluded, as well as
grey literature such as conference proceedings, disserta-
tions, abstracts, unpublished studies, and books.

Search strategy

The indicators were categorized into five main
groups: burden of disease (BoD), life expectancy (LE),
health-related quality of life (HRQoL), cost of illness
and mental health status. The groups of indicators were
chosen through a consensus between the authors and
other experts in the field, who argued these were highly

represented in the literature. The selection was based
on previous guidelines [21-24].

Two reviewers applied the search strategy for each
topic on November 30, 2022. Each search strategy in-
cluded a combination of keywords with free text and
Medical Subject Headings (MeSH) terms. Five collab-
orators from three European countries (Spain, Italy and
Portugal) were allowed to modify search strategies to
increase the chance of finding relevant articles (Supple-
mentary Material S1 available online).

Data extraction

Each collaborator was asked to select two to three
publications featuring the same health indicator mea-
suring an important health area indirectly affected by
the COVID-19 pandemic. For each selected publica-
tion, the authors were instructed to extract and report
specific information, including: indicator’s name, what
the indicator measured, its relevance — particularly in
the context of COVID-19 — how it was calculated, and
general comments on its application, strengths and
limitations. The characteristics and implementation
of each indicator were discussed in relation to its use
in similar studies identified through the same search
strategy. Collaborators also wrote an introductory para-
graph about the relevance of their assigned topic. All
the completed responses were collected and reviewed
for inclusion in a summary table (Supplementary Materi-
al S2 available online). This approach enables a focused
synthesis of relevant evidence without the intention of
quantifying the total number of retrieved publications.
The included studies were selected collaboratively by
the authors to ensure consistency and representative-
ness across the various indicators analysed.

RESULTS

The characteristics of the 20 studies included in the
narrative review, and from which indicators were ex-
tracted, are reported in Table 1. The selection aimed at
covering a range of geographic settings and study de-
signs while maintaining a focus on clarity and relevance.

Burden of disease

The burden of disease (BoD) is an estimate of the im-
pact of disease and injury on a population. It integrates
the years of life lost due to living in poor health (non-
fatal burden) with the years of life lost due to early death
(fatal burden) [25]. The term “burden of disease” is com-
monly used to describe the total, cumulative impact of a
specific disease or group of diseases on disability within
a population. This encompasses not only the health ef-
fects but also the social consequences and the associated
costs to society. The difference between optimal condi-
tions, where everyone is free from disease and disability,
and the cumulative current health status is described by
the burden of disease. In the 1990s, the World Health
Organization (WHO), together with Harvard University
and the World Bank, developed a method for assessing
the global burden of disease, based largely on statisti-
cal calculations of disability-adjusted life years (DALYs),
which combine the time lost due to early mortality and
the time spent living in poor health [26].
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Table 1
Characteristics of the studies included in the narrative review

Author Thematic Study Study Indicator/s
and year area design country extracted for
this narrative
review
Gravesteijn BoD Retrospective  The DALYs
etal. (2021) cohort study  Netherlands
[27]
Santomauro  BoD Cross- Worldwide  DALYs
etal. (2021) sectional and
[28] longitudinal
combination
of studies
Julienetal. BoD Cross- USA DALYs
(2022) [29] sectional
study
Aburtoetal.  LE Ecological England LE at birth
(2021) [30] study and Wales and lifespan
inequality
Andrasfay LE Ecological USA LE at birth and
and study life expectancy
Goldman at 65
(2021) [31]
Ozyilmaz LE Ecological 93 countries  LE at birth
etal. (2022) study
[34]
Verveen et QoL Prospective The HRQol-SF-36
al. (2022) cohortstudy  Netherlands
(48]
O'Brienetal. QoL Prospective Ireland HRQol-SF-36
(2022) [49] longitudinal
design
Fernandes Qol Retrospective  Portugal HRQol-EQ-
etal. (2021) case-series 5D-5L
[50] study

Main results

The delay in surgical procedures led to a linear increase
in DALYs per delay, with values ranging from 0.01 (shunt
placement) to 0.23 (bypass surgery) DALYs/month.

Before the COVID-19 pandemic, major depressive disorder
was responsible for 38.7 million DALYs globally, while anxiety
disorders were responsible for 35.5 million DALYs. During the
pandemic, major depressive disorder caused an additional
10.7 million DALYs, with 7.07 million among females and 3.62
million among males. Anxiety disorders caused an additional
9.05 million DALYs, with 6.11 million among females and 2.94
million among males.

Drinking increases from 2020 to 2023 due to COVID-19 were
projected to lead to 531,200 DALYs lost. This number was
expected to rise significantly to 8,900,200 cumulative DALYs
lost from 2020 through 2040.

The study found that LE at birth decreased during the first 47
weeks of 2020 in England and Wales. Women experienced a
reduction of 0.9 years, while men saw a decrease of 1.2 years
compared to 2019 levels.

This study presented estimated LE values under four projection
scenarios. LE at birth would have been 78.61y in 2020 had

the COVID-19 pandemic not occurred, but all three mortality
scenarios imply huge reductions in LE at birth for the USA in
2020.The medium scenario would bring about a decline of 1.13
y, whereas the higher and lower mortality scenarios project
declines of 1.22 and 0.98 y, respectively. LE at age 65 y, which

is estimated to have been 19.40y in the absence of COVID-19,
is projected to decline by 0.87 y under the medium scenario,
0.94 y under the higher mortality scenario, and 0.75 y under
the lower mortality scenario. The disparities in LE declines were
pronounced, with Black and Latino populations experiencing
much larger reductions compared to Whites.

Findings from social indicators show that LE negatively affects
the number of deaths in the 25t and 50t quantiles. LE at birth
and the share of the population over the age of 65 in the total
population have a significant effect on the number of deaths.
The population over the age of 65 has a statistically significant
effect on the number of COVID-19 deaths in all quantile
values.

Twelve months after illness onset, people with initial mild
COVID-19 had health-related quality of life (HRQoL) within
population norms, while those with moderate or severe/
critical COVID-19 still had impaired HRQol. on more than half
of the measured domains.

Initial COVID-19 severity, migration background, number

of comorbidities, and timing of public health measures all
influenced long-term HRQoL outcomes.

HRQoL measured by the SF-36 did not significantly improve in
any domain over the 1-year follow-up. Scores remained lower
than population norms in physical functioning, energy/vitality,
role limitations due to physical problems, and general health. At
1 year, 31% of participants felt their general health was worse
than a year prior.

64.4% of COVID-19 critical illness survivors reported moderate
to extreme problems in at least one dimension of the EQ-5D-5L
questionnaire. The most affected areas were usual activities
(51.1%), anxiety/depression (37.8%) and pain/discomfort
(31.1%), followed by mobility (13.3%) and self-care (13.3%). The
median self-rated health score (EQ-VAS) was 75.0 (on a scale
from 0 to 100).

Continues
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Continued
Author Thematic
and year area
Kwon et al. QoL
(2022)[51]
Larsson etal. QoL
(2023) [52]
Moens etal. QoL
(2022)[53]
Barbierietal. QoL
(2022) [54]
Ravens- QoL
Sieberer et
al. (2022)
[55]
Van Cost of
Ballegooijen illness
etal. (2021)
[57]

Study
design

Cross-
sectional
study

Prospective
cohort study

Cross-
sectional
study

Cross-
sectional
study

Cross-
sectional
study

Cross-
sectional
study

Study
country

South Korea

Sweden

Belgium

[taly

Germany

Belgium
and The
Netherlands

Indicator/s
extracted for
this narrative
review

HRQoL-EQ-5D

HRQol-EQ-5D-
5L and EQ-VAS

HRQol-EQ5D-
3L and VAS
score

HRQol-
KIDSCREEN-10

HRQolL-
KIDSCREEN-10

Productivity
losses (iIMTA
Productivity
Cost
Questionnaire-
iPCQ-)

Main results

The study found that the overall EQ-5D index scores were
significantly higher among individuals under quarantine during
the COVID-19 pandemic (0.971) compared to those before the
pandemic (0.964). Quarantine was associated with improved
physical health dimensions, specifically showing significant
improvements in “Pain/Discomfort”and “Mobility’, but a
significant deterioration in the "Depression/Anxiety” dimension.

At both 4- and 12-month follow-ups, patients reported some
problems in various dimensions, particularly in usual activity
and pain/discomfort. There were no significant changes in
any of the EQ-5D-5L dimensions between 4 and 12 months.
Most of the participants reported lower EQ-VAS values than
the general population at both follow-ups. For general health
status, 28 (61%) participants at the first follow-up and 26
(57%) (p=0.414) at the second reported lower values than the
general population.

89.58% of post-COVID-19 infected persons reported pain/
discomfort, 82.45% indicated limitations when performing
usual activities and only 13.16% indicated problems with
self-care. The mean index score for normative population

was significantly higher than the post-COVID-19 infected
persons, with a mean difference of 0.31 (95% Cl: 0.29 to 0.33,
p<0.01). The mean score of chronic pain patients (PSPS-T2)
was significantly lower than the score of COVID-19 infected
persons, with a mean difference of -0.31 (95% Cl: -0.29 to -0.33,
p <0.01).

27% of parents’ proxy reports indicated a low health-related
quality of life (HRQoL) for their children. For children and
adolescents aged 11-19 years: 33% self-reported a low HRQoL
while 31% of parents reported a low HRQoL for their children
in this age group. Children aged 7-10 years were significantly
less affected by low HRQoL compared to children aged

11-19 years, according to proxy reports. Female adolescents
showed significantly higher frequencies of low HRQoL than
corresponding proxy reports. The self-reported low HRQoL

of 33% in South Tyrol was similar to the 35% reported in
Germany during the third wave of the COPSY Germany survey
in September-October 2021 [55].

The percentage of children and adolescents reporting

low HRQolL increased substantially from 15.3% before the
pandemic to 40.2% during the pandemic. Stratified by gender,
a higher proportion of girls reported low HRQoL than their
male peers before and during the pandemic. Younger children
(aged 11-13) showed a greater decline in HRQolL compared

to older adolescents (aged 14-17), rose from 7.7% to 41.3% in
11-to13-year-old children and from 17.1% to 39.3% in 14- to
17-year-olds (p<0.001).

5.1% of respondents in Belgium and 4.4% in the Netherlands
reported losing their job due to the pandemic. About 39-
40% of respondents in both countries were somewhat to
extremely worried about losing their profession. Weekly work
hours decreased from 34.4 to 26.9 in Belgium and from 30.6
to 26.6 in the Netherlands during COVID-19. 35.7% of Belgian
respondents experienced absenteeism compared to 18.7%
in the Netherlands. By contrary, 29.5% of Belgian respondents
and 33.7% of Dutch respondents experienced presenteeism.
The mean value of lost production per person per week,
including absenteeism and presenteeism, was €161.39 for
Belgium and €82.69 for the Netherlands.

Continues



INDIRECT IMPACT OF COVID-19 ON HEALTH

Main results

The mean sickness absenteeism rate was 3.25%. There was

a significant increase during the pandemic period, with the
rate rising to 5.10% compared to 2.97% in the pre-pandemic
period. The total cost of sickness absence was R$8,158,117.20,
with a mean daily cost of R$3,525.55. During the pandemic,
the mean daily cost increased to R$7,380.38, which is 2.49
times greater than the pre-pandemic period (R$2,960.12).

The total cost of absenteeism due to COVID-19 among
hospital personnel was estimated to be nearly $1.3 million.
The average cost per patient was $671.4, with a median of
$649. The mean cost of absenteeism was higher among males
($688.7) compared to females (5659.9). Patients aged over 50
years had the highest mean cost ($872.6), while those under
30 had the lowest ($597.7). Physicians had the highest mean
cost per patient ($827.5), while other staff had the lowest
($603.7). Permanent employees had a higher mean cost
($756.2) compared to non-permanent employees (5604). The
total number of missed workdays was 32,209, with an average
of 16.44 days per patient.

82% of the home dialysis patients surveyed reported
symptoms of anxiety and depression either “not at all” or “for
several days”on the GAD-7 scale. The results indicate that most
symptoms of anxiety were experienced “some days" or “never”
in more than 80% of the respondents.

Both pre-existing medical conditions and poor perceived
health status were associated with an increased risk of
moderate to severe anxiety symptoms, as measured by the
GAD-7 questionnaire. After adjusting for demographic and
behavioural factors, pre-existing medical conditions were
linked to a significantly higher risk for moderate to severe
anxiety symptoms (GAD-7 score >10). When both pre-existing
conditions and perceived health status were considered
together, pre-existing conditions were associated with a 1.5-
fold increased risk (OR 1.526, p=0.016), while poor perceived
health status was associated with a 4.6-fold increased risk (OR
4.556, p<0.001) for moderate to severe anxiety symptoms.

25.7% of pregnant women in the study had moderate to
severe generalized anxiety symptoms, as measured by
GAD-7 (score >10). The total median GAD-7 score was

6.0 (IQR: 3.0-10.0). Women with sick family members had
higher GAD-7 scores (median 7.0 [4.0-12.00]) compared to
those without (median 6.0 [3.0-9.0]), and this difference was
statistically significant (p=0.003). Risk factors for higher GAD-7
scores (anxiety) included having a sick family member (aOR

Table 1
Continued
Author Thematic Study Study Indicator/s
and year area design country extracted for
this narrative
review
de Paiva et Cost of Cross- Brazil Rate of
al. (2022) iliness sectional absenteeism
[58] study per year and
total cost of
absenteeism
per year
Faramarzi Cost of Cross- Iran Lost
etal. (2021) illness sectional productivity
[59] study cost (SUS)
due to
absenteeism
Davis et al. Mental Cross- Canada GAD-7
(2022) [60] health sectional
status study
Buneviciene  Mental Cross- Lithuania GAD-7
etal (2021)  health sectional
[62] status study
Ho-Funget  Mental Cross- China GAD-7
al. (2022) health sectional (Hong Kong
[64] status study SAR and
Shanghai),
Norway,
Sweden,
Switzerland,
Taiwan and
USA

2.218,95% ClI [1.376, 3.573], p=0.001) and experiencing a
substantially stressful life event (aOR 2.427,95% Cl [1.471,
4.005], p=0.001). Younger age (18-30) was protective against
anxiety.

BoD: burden of disease; DALYs: disability adjusted life-years; EQ-VAS: EuroQolL Visual Analogue Scale; EQ-5D-3L or 5L: EuroQoL 5-Dimension 3 or 5-level
questionnaire; GAD-7: generalized anxiety disorder-7; HRQoL: health related quality of life; LE: life expectancy; QoL: quality of life; SF: short form.

A study of elective surgical procedures in a Dutch
hospital estimated the health impact of postponing
these procedures [27]. Survival data were used to in-
form the model, which incorporated years lived with
disability (YLD) and years of life lost (YLL) due to pre-
mature death, resulting in the calculation of DALYs.
DALYs were used to assess the outcome of delaying
surgery. The expected health outcomes with surgery
at two weeks were compared with the expected health
outcomes at 52 weeks to determine the health lost
per 50 weeks. This measure of health loss provided

an indication of urgency, which was later converted to
health lost per month of delay. This was used to rank
the surgical procedures, with a high DALYs/month
indicating urgent surgery. The quality of data for this
type of studies could be limited because the surgical
procedures being evaluated are often part of standard
clinical practice. Therefore, data may be biased (e.g.,
selection bias in the survival analysis of patients without
treatment because patients opt for palliative care) or
unavailable. The results from the indicator calculation
provided valuable information for the development of a
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decision model to support the prioritisation of surgical
care in times of limited surgical capacity, such as the
COVID-19 pandemic.

It was also observed that DALYs were used to quanti-
fy the impact of the COVID-19 pandemic on the preva-
lence and burden of major depressive disorder and anxi-
ety disorders worldwide. The data revealed an increase
in depressive and anxiety disorders in 2020 due to the
pandemic [28]. Another study used DALYs to project
alcohol-associated liver disease (ALD) from 2020 to
2040 in the USA and concluded that a short-term in-
crease in alcohol consumption during the COVID-19
pandemic could substantially increase long-term ALD-
related morbidity and mortality [29].

Life expectancy

The study of life expectancy (LE) in the context of the
COVID-19 crisis allowed researchers to compare the
cumulative effect of the pandemic with mortality rates
from previous years and current trends across different
countries. This comparison is feasible because LE is
standardized and routinely monitored, allowing for the
tracking of changes and differences in mortality [30].
This enables an analysis of the impact of the COVID-19
pandemic on survival rates while adjusting for the age
distribution of the underlying populations [31]. LE at
birth is defined as the average LE of a newborn baby,
assuming no change in current mortality rates. Gains in
LE at birth can be attributed to several factors, includ-
ing improved standards of living, improved lifestyles and
education, and better access to quality health services.
This indicator is usually presented as a total and by sex,
and is measured in years [32]. Another related measure
is LE at 65: the average number of years a person of that
age can be expected to live, assuming that age-specific
mortality remains constant. Estimates of LE can vary by
fractions of a year depending on the calculation used,
which may vary slightly between countries [33].

In light of the COVID-19 pandemic, a cohort study
analysed all-cause mortality for England and Wales
calculating LE (average mortality) and the variation in
length of life between individuals in a population (lifes-
pan inequality) [30]. Estimating the number of deaths
caused by the COVID-19 pandemic was crucial to un-
derstanding the impact of the disease. The authors as-
sessed the impact of the COVID-19 pandemic on LE
and lifespan inequality in 2020 by using baseline mortal-
ity data reflecting deaths in the absence of COVID-19
and applied fitted models to estimate excess deaths. LE
at birth for women and men in 2020 was 82.6 and 78.7
years, respectively, with 0.9 and 1.2 YLL compared to
2019. Lifespan inequality decreased due to the rise in
mortality among older age groups. Furthermore, LE
was used to illustrate the impact of the Coronavirus
pandemic on the Black and Latino populations in the
United States [31]. Estimates were calculated for LE
at birth and at age 65 for 2020, with results stratified
by race and ethnicity. The study found that LE at birth
in the US reached its lowest level since 2003, alongside
a 0.87-year reduction in LE at age 65. The decline in
LE at birth was 2.10 years for Black populations, 3.05
years for Latino populations, and 0.68 years for White

populations. Another study analysed confirmed cases
and determinants of COVID-19 fatalities in 93 coun-
tries [34]. The study projected a mortality model that
incorporated social indicators, including LE at birth,
sourced from the World Bank Open Data (https://data.
worldbank.org/).

LE at birth was strongly associated with the number
of COVID-19 deaths in countries with a low number
of cases (25th quantile). The study estimated that a 1%
increase in LE corresponded to a 10.82% reduction in
COVID-19 deaths. Conversely, a 1% increase in the
population aged 65 and older was associated with an
increase in the number of deaths. This effect is attrib-
uted to their inclusion in the group with a higher-risk
for adverse outcomes related to COVID-19.

Health-related quality of life

COVID-19 can lead to varying outcomes, includ-
ing persistent symptoms that impact the daily lives of
those infected [35-38]. Furthermore, measures imple-
mented to control the virus’ spread caused disruptions
to individuals’ daily activities on multiple levels [18,
39]. Given this, assessing quality of life (QoL) and its
association with the long-term health consequences of
COVID-19 is essential [40, 41]. The long-term effects
of COVID-19 infection or pandemic countermeasures
can lead to physical and mental health deterioration,
as well as impairments in health-related quality of life
(HRQoL) [18, 39]. Various measurement tools have
been used to evaluate HRQoL [42], many of which
are widely validated across different languages. These
instruments assess multiple dimensions of HRQoL, in-
cluding physical, mental, social and emotional function-
ing [43]. Tools commonly used to evaluate the impact
of COVID-19 infection or pandemic-related contexts
on HRQoL include the Medical Outcomes Study Short
Form 36-item health survey (SF-36) [44], the EQ-5D
[45, 46] (https://euroqol.org/euroqol/) and the KID-
SCREEN-10 index [47].

The SF-36 was used to assess how contextual fac-
tors, such as public health control measures, affected
patients’ recovery [48] and their ability to return to pre-
infection levels of function [49]. Verveen et al. [48],in a
cohort study conducted in the Netherlands, monitored
individuals with a confirmed SARS-CoV-2 infection at
1 and 12 months post-diagnosis. The study aimed to
assess the impact of infection severity on HRQoL in
both the short and long term. One month after a CO-
VID-19 diagnosis, HRQoL was significantly below the
population average in all SF-36 domains among indi-
viduals with mild COVID-19, except for general health
and body pain. However, after 12 months, the HRQoL
levels were within population standards. The study by
O’Brien et al. [49] assessed COVID-19 patients at 10
weeks, 6 months, and 1 year after hospital discharge to
monitor which patients or groups experienced greater
impairment in HRQoL. The authors found no change
in SF-36 scores across any domain during the study pe-
riod. The scores remained lower than population stan-
dards in the domains of physical functioning, energy/
vitality, role limitations due to physical problems and
general health.
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The EQ-5D-5L was employed to evaluate the impact
of a SARS-CoV-2 infection on HRQoL among patients
aged 18 years or older in Portugal, between the 30*
and 90t day after hospital discharge [50]. The authors
found that 29 patients (64.4%) reported moderate to
extreme problems in at least one dimension of the EQ-
5D-5L questionnaire. The most affected dimension was
usual activities (51.1%), followed by anxiety/depression
(37.8%) and pain/discomfort (31.1%). Kwon et al. [51]
used the instrument to evaluate the impact of quaran-
tine on HRQoL among individuals aged 19 years and
older in South Korea. A comparison was made between
EQ-5D scores collected after the onset of the pandemic
and data systematically collected before the pandemic,
starting in 2008. The overall EQ-5D index scores were
significantly higher in the group under quarantine
during the COVID-19 pandemic (0.971+0.064) com-
pared to the pre-pandemic scores (0.964+0.079, Diff.
0.007+0.101, p=0.043). The EQ-5D was also employed
to evaluate the burden of illness and its impact on
health and work-related circumstances among patients
who had been treated for SARS-CoV-2 infection in
Sweden at both four- and 12-month intervals following
their discharge from intensive care [52]. The findings
revealed no improvements between the first EQ-5D
score and the second follow-up in any of its domains:
mobility, self-care, usual activities, pain/discomfort and
anxiety/depression. Finally, a Belgian study evaluated
the HRQoL of individuals who had recovered from
COVID-19 and were active on social media platforms
between June and August 2021. HRQoL was measured
using the EQ-5D-3L tool. The authors found that low
scores were associated with difficulties in performing
activities and pain/discomfort across the EQ-5D-3L di-
mensions [53].

The KIDSCREEN-10, an instrument for assessing
QoL in children, was used to evaluate the HRQoL
of children in Italy during the second year of the pan-
demic. The objective was to identify strategies for safe-
guarding children’s mental health. The study found that
33% of children and adolescents aged 11 to 19 years
self-reported a low HRQoL, while parents reported a
low HRQoL for 31% of their children in this age group
[54]. Furthermore, the KIDSCREEN-10 was em-
ployed in a study utilising a representative sample of
children and adolescents aged 7-17 years in Germany.
The study measured the HRQoL of the participants be-
fore and after the onset of the pandemic. Up to 15.3%
of children and adolescents reported low HRQoL prior
to the pandemic (n=146; based on weighted data from
the BELLA study), compared to 40.2% during the pan-
demic (n=418; based on weighted self-reported data
from the COPSY study) [55]. The identification of
children and adolescents’ needs enables the dissemi-
nation of information regarding their mental health to
policymakers, paediatric healthcare professionals and
parents. This can be considered a strength of the tool,
as it reports findings from both the children themselves
and their parents’ perspectives.

Assessing the population’s HRQoL requires the use
of valid instruments, such as the SF-36, EQ-5D, or
KIDSCREEN-10 index, and the collection of primary

data. This process can be resource-intensive and expen-
sive. Typically, these instruments must be administered
after the exposure in question, such as a COVID-19
infection or the pandemic context, to capture relevant
HRQoL outcomes. Consequently, the size of the stud-
ied sample or population may vary depending on the
available resources and the specific research question.
The resource-intensive nature of HRQoL assessments
also leads to varying timeframes for data collection,
which can impair the reliability of result comparisons
between different populations. Consequently, the avail-
able data may not always be sufficient for disaggregating
results to the extent necessary for comparing HRQoL
across all population subgroups. This limitation can
hinder the ability to draw comprehensive and equitable
conclusions about the impact of events such as COV-
ID-19 on different population subgroups. When data
collection relies on self-administered methods, certain
population subgroups may be less likely to provide or
complete the questionnaires, thus limiting the ability
to compare HRQoL across groups. Additionally, some
HRQoL scales may not be suitable for all populations.
For instance, the SF-36 is challenging to apply to indi-
viduals with severe mental disorders. Similarly, the KID-
SCREEN-10 provides a single global HRQoL score,
which can result in a loss of detailed information when
compared to longer versions of the KIDSCREEN, such
as KIDSCREEN-27 or KIDSCREEN-52 [56].

Cost of illness

The impact of the novel coronavirus on the ability to
resume work and perform at a normal capacity after in-
fection has been demonstrated [57, 58]. The term “pro-
ductivity loss” can be defined in terms of two distinct
categories: presenteeism, which refers to the inability to
work at one’s normal capacity, and absenteeism, which
encompasses the inability to work at all [57].

A study conducted in Belgium and the Netherlands
evaluated the impact of the pandemic on stress levels,
QoL, medical resource utilisation and productivity
losses in the general population during the initial eight
weeks of the coronavirus lockdown. The indicator of
productivity losses related to COVID-19, described in
terms of absenteeism and presenteeism, was recorded
using the Productivity Cost Questionnaire (iPCQ). The
authors calculated the mean value of lost production
among respondents in paid professions on a per-person
and per-week basis. The number of hours lost due to
the impact of the pandemic on remunerated work was
calculated by multiplying the total number of hours lost
by the average hourly income in a specific country, ad-
justed for age; all costs were presented as weekly costs
in euros [57]. A similar study was conducted to esti-
mate the lost productivity cost of absenteeism due to
COVID-19 among hospital staff in Iran. The monetary
value for a working day for absent employees was mul-
tiplied by the number of missed workdays to estimate
the absenteeism cost expressed in US dollars [59]. An-
other study estimated the cost of absenteeism among
healthcare workers in Brazil from 2014 to 2020. The
cost of absenteeism was calculated similarly to previ-
ous studies; however, it excluded periods when workers
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were receiving sickness benefit, as salaries were not paid
during these times. The authors also calculated the rate
of absenteeism per year by dividing the number of days
absent in a year by the number of days that could have
been worked. This was based on the weekly number
of hours worked and the worker’s job title, providing
a clearer understanding of absenteeism relative to the
total potential workdays in a given year [58].

Mental bealth status

The COVID-19 pandemic caused significant con-
sequences on global mental health including fear of
acquiring and spreading infection to family members,
loneliness, anxiety, depression and suicide. These ef-
fects were likely driven by national lockdowns imple-
mented to contain the virus spread, leading to isolation
and family separation. Additionally, the proliferation of
misinformation and disinformation on social media, low
health literacy, scarcity of basic needs, financial losses
and increasing fear and vulnerability due to the uncer-
tainty of disease progression may also be contributing
factors [60, 61]. Therefore, public health emergencies,
i.e., the COVID-19 pandemic, can increase the risk of
new-onset mental health complications or exacerbate
pre-existing mental disorders in the general population
and in vulnerable individuals with pre-existing condi-
tions. Addressing the risks for mental health complica-
tions during health emergencies is crucial to ensure the
optimal allocation of health resources and to mitigate
the adverse consequences of the disease [62].

In a study conducted in Lithuania, it was observed
that pre-existing medical conditions (e.g., cardiovas-
cular, pulmonary, obesity, diabetes, mental disorders)
were associated with an increased risk of mental health
complications during the recent pandemic. The cor-
relation between self-perceived health status and the
likelihood of developing mental health issues during the
pandemic was also highlighted [62]. The study specifi-
cally assessed depressive symptom severity and anxiety
symptom severity, measured by the Generalized Anxi-
ety Disorder-7 (GAD-7) score [63]. The GAD-7 score
was also employed to assess the prevalence of perinatal
anxiety, alongside depression and acute stress reaction,
among pregnant women in Sweden. This was part of a
cross-sectional study that also explored the association
of these symptoms with mental health outcomes. Ac-
cording to the study, 121 participants (25.7%) exhibited
moderate to severe generalized anxiety symptoms, as
indicated by a GAD-7 score of 10 or higher [64]. In a
single-centre study of home dialysis patients in Canada,
the GAD-7 score indicator was employed to describe
levels of anxiety and quality of life during the SARS-
CoV-2 pandemic. In this case, 80% of respondents re-
ported experiencing symptoms of anxiety and depres-
sion “some days” or “never’[60].

The use of validated generic scales, such as GAD-7,
is an effective approach for the acquisition of indica-
tors defining the impact of the COVID-19 pandemic
on mental health. These scales are simple to use and
provide standardized self-reported measures of core
mental health disorder symptoms. However, they rely
on self-reports and evaluate only probable diagnoses,

which should be confirmed by other means, such as
psychiatric interviews. Moreover, they may not be ap-
propriate for all population groups [63, 65, 66].

DISCUSSION

The impact of COVID-19 on global health conditions
or health status has been assessed through various in-
dicators, including DALYs, LE at birth or at 65 years
old, HRQoL, cost of illness and mental health status.
Some indicators, such as HRQoL and mental health
outcomes, were evaluated using standardized scales ob-
tained from different questionnaires [44, 46, 47, 63, 66].

According to the revised studies, DALYs revealed
substantial health losses associated with delays in elec-
tive surgeries, increases in mental health disorders and
alcohol-related liver disease. LE declined globally in
2020, with disproportionate reductions among Black
and Latino populations in the United States. HRQoL
scales (SF-36 and EQ-5D) showed impairments in
physical functioning, daily activities and emotional
well-being among COVID-19 patients, with children
and adolescents also reporting significant deteriora-
tion, as shown by the KIDSCREEN-10. Productivity
losses, quantified through absenteeism and presentee-
ism, were economically relevant and varied by context.
Finally, mental health impacts were pervasive, with el-
evated symptoms of anxiety and depression reported
in both the general population and high-risk groups, as
identified using instruments such as the GAD-7. These
indicators, widely used in scientific literature, have also
been implemented in European policy documents and
decision-making tools [23, 67-69].

Furthermore, these indicators not only were useful
for assessing the effects of the COVID-19 pandemic,
but they have also been widely applied to chronic and
communicable diseases to capture indirect health im-
pacts and guide public health decision-making. Overall,
the indicators showed a widespread effect of the COV-
ID-19 pandemic on health, economic and psychosocial
dimensions across different populations and contexts.

Burden of disease

Burden of disease metrics, such as DALYs, facilitate
monitoring the direct impact of COVID-19 infection
on population health. They also offer opportunities to
assess the indirect impact of the pandemic that has oc-
curred due to national lockdowns and restrictions to
vital healthcare services [70]. DALYs have also been
used to assess the impact of other national public health
programs and interventions around the world [71-73].
Their models translate distributed units of intervention
into DALYs averted, allowing cost per DALY calcula-
tions and comparisons across programs and settings
[74]. Such studies typically adopt cost-effectiveness cal-
culations and cohort simulations to estimate the num-
ber of DALYs averted. This includes a wide range of
health areas: mental health, infectious disease control,
immunization or primary care coverage.

Life expectancy
The impact of the pandemic resulted in a reduction
in life expectancy (LE) between 2020 and 2021 [75].
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However, the precise age-specific mortality rates for
any given birth cohort cannot be known in advance.
As the impact of the pandemic in terms of mortality is
decreasing, the actual life spans are likely to be higher
than the LE estimates based on the average mortal-
ity rates in 2020. The studies included in this review
highlight the diverse impacts of COVID-19 on LE
and lifespan, emphasizing the inequalities that have
emerged as a result of the pandemic [30, 31, 34]. To
better inform national policies for future health cri-
ses, it is essential to stratify data by factors such as
socioeconomic status, education level and ethnic-
ity. Harmonizing these contextual variables is key to
enhancing surveillance systems. Furthermore, in the
studies reviewed, LE was calculated based on all-cause
mortality, allowing the indicator to capture both the
direct and indirect effects of COVID-19. Studies that
identify specific causes of death could help distinguish
between the direct and indirect impacts of a pandem-
ic. However, during the first wave of a pandemic, when
health systems are overwhelmed, such studies may not
be feasible. In this context, the excess mortality in-
dicator will continue to play a critical role in future
health crises.

In addition, LE improvements are commonly used
to assess the impact of national public health pro-
grammes and broader health policies around the
world. This indicator is used in a way comparable to its
application in assessing the effectiveness of lockdown
measures during the COVID-19 pandemic. Numerous
national public health programmes have demonstrated
significant impacts on LE. A modelling study project-
ed the effect of raising tobacco prices (by 5%, 10%,
or 20%) on smoking behaviour, COPD burden, and
LE in Italy (alongside England and Sweden). Using a
multi-state simulation model and Italian demographic
and smoking data, the study estimated that, under a
20% price increase, LE gains in Italy for a 20-year-old
ranged from 0.25 to 0.45 years over 40 years, driven
by reduced smoking and COPD incidence [76]. In the
United States, a national analysis found that 44% of
the 3.3-year increase in LE between 1990 and 2015
was due to public health improvements, including to-
bacco control and environmental health [77]. In Eng-
land, the Health Inequalities Strategy (1997-2010)
targeted deprived areas and successfully narrowed
gaps in LE, reversing previous trends of widening dis-
parities [78]. Modelling based on UK Biobank data
suggests that middle-aged adults who adopt optimal
dietary patterns could gain up to 10 additional years
of life, depending on baseline habits [79]. Similarly, a
European microsimulation study estimated that if all
adults met physical activity guidelines, LE would in-
crease by approximately 3 months, while also reducing
chronic disease risk [80]. Lastly, global data from the
Institute for Health Metrics and Evaluation (https://
www.healthdata.org/news-events/newsroom/news-
releases/life-expectancy-increased-world-addressed-
major-killers) show that LE increased by 6.2 years
worldwide between 1990 and 2021 [81], largely due to
public health interventions that reduced infectious and
chronic disease mortality.

Healtb-related quality of life

Several well-designed studies have demonstrated im-
provements in health-related quality of life (HRQoL)
associated with public health interventions. For exam-
ple, a US-based community lifestyle program adapted
from the Diabetes Prevention Program (Group Lifestyle
Balance Program) significantly improved EQ-5D-VAS
scores (+7.4 at 6 months, +6.7 at 12 months) and mod-
estly increased EQ-5D index values among adults with
prediabetes or metabolic syndrome, demonstrating the
utility of EQ-5D in evaluating community-based dia-
betes prevention efforts [82]. In China, a community-
based public health service targeting middle-aged and
older adults with chronic conditions constructed an
SF-36-based HRQoL scale from CHARLS variables
and found that this service demonstrated a signifi-
cant association with an increased overall SF-36 score
(p=3.539, p<0.001) supporting the use of SF-36 to
assess programmatic interventions in chronic disease
management [83]. A Brazilian study comparing elderly
participants in a community physical activity program
with sedentary peers and found higher scores in SF-36
domains of functioning capacity and general health
perceptions for program participants [84]. Although
fewer studies directly link KIDSCREEN-10 to specific
public health programs [85], its use in population-
based surveys supports its potential to evaluate child
and adolescent health initiatives. Together, these stud-
ies illustrate the value of EQ-5D and SF-36 in mea-
suring QoL gains from public health interventions at
sub-national levels [86-88].

Cost of illness

Studies have used cost-of-illness measures — includ-
ing sickness absence days, production loss, and pre-
senteeism — to evaluate workplace or community-level
public health interventions. For example, a cluster-ran-
domised controlled trial in Sweden implemented a
work-directed problem-solving intervention within oc-
cupational health services for employees with common
mental disorders. It led to almost 15 fewer registered
sickness absence days over one year compared to usual
care — a reduction that was cost-beneficial from a soci-
etal perspective, despite increased short-term produc-
tivity loss recorded by employers [89, 90]. A follow-
up within primary care showed similar reductions in
self-reported sick leave and improved mental health
and return-to-work, again demonstrating effective-
ness using real-world registry data [91]. Additionally, a
systematic review of workplace nutrition and physical
activity programs demonstrated that multi-component
interventions (including organizational, environmen-
tal, and individual-level elements) consistently reduced
absenteeism and improved work performance and pro-
ductivity [92].

In terms of the indirect impact of communicable
diseases measured with cost of illness indicators there
are studies about influenza vaccination [93, 94]. The
systematic review of workplace influenza interventions
across multiple countries concluded that both pharma-
cological and non-pharmaceutical strategies, including
paid sick leave, significantly reduced absenteeism and
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were consistently cost-saving from the employer per-
spective [94].

Mental bealth status

Mental health screening tools such as the GAD-7
and GHQ-12 (General Health Questionnaire) have
been widely used in cross-sectional and cohort studies
to document the psychological impact of communica-
ble disease outbreaks [95, 96]. However, despite their
frequent use in epidemiological monitoring, these men-
tal health instruments are rarely embedded in formal
evaluations of non-pharmaceutical public health inter-
ventions — such as mass testing, lockdown mandates, or
vaccination rollouts. For example, a small mobile tele-
phone survey measured anxiety using GAD-7 during
the early phase of COVID-19 in Wuhan and Shanghai
in China but did not tie changes in mental health to any
specific intervention [97]. More broadly, most public
health policy evaluations focus on clinical and epide-
miological outcomes — such as infection rates, hospi-
talizations, and mortality — while mental health metrics
are often included only in secondary analyses or smaller
sub-studies. This trend was evident in longitudinal UK
studies that used the GHQ-12 to track mental health
changes before and after national lockdowns, though
without linking those changes directly to specific poli-
cies or intervention efficacy [98].

Strengths and limitations

We have emphasized the identification of methodolog-
ical issues and the characteristics of the indicators used
across the literature, rather than the findings of indi-
vidual studies. While these indicators provided valuable
insights, limitations included resource-intensive data col-
lection, reliance on self-reports and potential sampling
biases. Furthermore, the main limitation of rating scales
is the subjectivity in the allocation of scores and the
ordered level of items (representing a sorted classifica-
tion rather than true numerical values) adopted for the
majority of them. Nevertheless, rating scales are easy to
apply in a multitude of contexts and settings, necessitat-
ing no supplementary resources or expenditures. They
encompass numerous aspects of health status, providing
a comprehensive overview of physical, mental and social
wellbeing. These characteristics have facilitated their use
as indicators during the pandemic, enabling comparison
with previous years in research studies.

CONCLUSIONS

The present review offers a rapid vision on the in-
direct impact provoked by the COVID-19 crisis, pre-
senting a comprehensive synthesis of health indicators
identified through extensive research, evaluating the
indirect effects on health status and wellbeing for both
COVID-19 and non-COVID-19 patients.

Although the pandemic has ended, understanding
the key indicators used to evaluate health status and
wellbeing remains essential. Lessons learned during the
pandemic have underscored the critical importance of
preparing robust, inclusive and resilient health systems
capable of adapting to challenges and changes across
various levels. Such systems should ensure the continu-

ity of medical consultations in both primary and special-
ized care, which were affected not only by the excessive
burden on healthcare workers but also by the impact on
patients in long-term care facilities with main focus on
mental health services of long term care recipients and
workers [99].

The indicators identified in this review could serve as
valuable tools for assessing the impact of future pandem-
ics. To maximize their utility, it is essential to standard-
ize their calculation, facilitating comparisons over time
and across different populations, settings and countries.
During global health emergencies, having a harmo-
nized, equity-sensitive set of indicators, clearly dissemi-
nated through policy documents and decision-making
tools and categorized by the primary areas affected, is
crucial. Such a framework would enable public health
institutions to monitor disease elimination strategies,
implement early prevention measures and sustain robust
health systems, all with the overarching goal of preserv-
ing the physical and mental health of populations.

Despite the extensive body of evidence reviewed,
significant gaps persist — especially concerning the pan-
demic’s impact on specific occupational groups such
as healthcare workers, educators, and frontline service
providers. Urgent research is needed to evaluate the
long-term physical and mental health effects on these
populations and to guide the development of occupa-
tional health policies that prioritize their safety and
psychological well-being. These indicators should be
systematically integrated into both research frameworks
and policy planning to ensure better preparedness and
equitable responses in future public health emergencies.

This review summarizes the evidence on the indirect
impact of COVID-19 on health and wellbeing, aiming
to guide the development of priorities and mitigation
strategies to support recovery. The compiled indica-
tors can contribute to shaping sustainable pandemic
response policies.
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Abstract Key words
Background. Bullying is a pervasive public health issue among children and adolescents, * bullying

associated not only with psychological distress but also with the development of physical * somatic symptoms
health complaints. ¢ adolescents

The present study aims to explore the relationship between bullying victimization and so- e cyberbullying

matic symptoms in youth, with particular attention to the Italian context, and to identify * emotional regulation
potential mechanisms and intervention strategies. e public health

Materials and Methods. A narrative review of the literature was conducted to examine
the association between bullying victimization and somatic symptoms in children and
adolescents. Relevant studies were identified through a non-systematic search of major
electronic databases, including PubMed, Scopus, and Google Scholar. Search terms in-
cluded combinations of keywords such as bullying, cyberbullying, somatic symptoms,
psychosomatic complaints, adolescents, and school-based intervention. Additional ar-
ticles were identified by manually screening the reference lists of selected papers.
Results. Multiple studies indicate a consistent association between bullying victimiza-
tion and increased prevalence of somatic symptoms among children and adolescents. In
Italy, national programs have shown some success in reducing bullying, yet the problem
remains significant. High affective empathy and limited emotional competence may in-
crease vulnerability to psychosomatic outcomes.

Conclusions. Somatic symptoms in youth may be important indicators of bullying-
related stress. Early identification, multidisciplinary care, and school-based prevention
programs are essential.

INTRODUCTION

Bullying is defined as a persistent threatening and
aggressive physical behavior or verbal abuse by an in-
dividual or a group, directed toward other people, espe-
cially those who are younger, smaller, weaker, or in some
other situation of relative disadvantage [1].

Bullying is characterized by a power imbalance be-
tween the perpetrator and the victim, which may arise
from disparities in physical strength, social status, or
other contextual factors. It manifests in multiple forms,
including direct physical aggression (such as hitting,
kicking, or pushing), verbal aggression (encompass-
ing taunting, name-calling, and threats), relational ag-

gression (involving behaviors intended to harm social
relationships or reputations, such as rumor-spreading
and social exclusion), and cyberbullying, which occurs
through digital platforms and communication technolo-
gies [2, 3].

METHODS

A non-systematic but comprehensive search was con-
ducted using electronic databases including PubMed,
Scopus, and Google Scholar. The search terms includ-
ed combinations of bullying, cyberbullying, somatic
symptoms, psychosomatic complaints, adolescents,
and school-based intervention. Studies were selected if
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they addressed any form of bullying (physical, verbal,
relational, cyber, or identity-based), involved child or
adolescent populations, and explored the occurrence,
mechanisms, or outcomes of somatic symptoms. Both
cross-sectional and longitudinal studies were included,
as well as meta-analyses, narrative reviews, and relevant
reports from organizations. Particular attention was
given to literature focusing on the Italian context and
interventions implemented within Italy. The included
studies were synthesized qualitatively to highlight
epidemiological trends, psychological and biological
mechanisms, and implications for clinical practice and
public health strategies. Due to the narrative nature of
this review, no formal quality assessment of studies or
statistical meta-analysis was performed.

RESULTS

Types of bullying
Bullying can be broadly categorized into four types,

each representing unique modes of aggression (Table 1):

e physical bullying involves direct acts of aggression
such as hitting, kicking, or pushing. Although it is less
commonly reported than verbal or relational forms of
bullying, it tends to be more visible and easily rec-
ognized. Physical bullying is more prevalent among
younger children, particularly those in elementary
school, and its occurrence generally declines with
age. It is typically more common among boys than
girls, both as perpetrators and as victims [4, 5];

e verbal bullying consists in using words to harm, such
as name-calling or insults. Verbal bullying is one of
the most common forms of bullying across all age
groups. It typically begins in early childhood and re-
mains prevalent throughout adolescence. This form
of bullying is frequently perpetrated by, and directed
toward, both boys and girls [4-6];

e relational bullying involves behaviors intended to harm
an individual’s social relationships or reputation, such
as spreading rumors, social exclusion, or manipulat-
ing friendships. This form of bullying is highly preva-
lent, particularly during adolescence. Its occurrence
tends to increase with age and is most commonly
observed in middle and high school. While relational
bullying is more frequently associated with girls, boys
also engage in such behaviors [7, 8];

o cyberbullying refers to bullying behaviors that occur
through digital platforms such as social media, text
messaging, or online forums. It has become increas-
ingly common, particularly among adolescents and
teenagers. While relatively rare among younger chil-

Table 1
Types of bullying

Bullying types Common age range

Physical Elementary school
Verbal All ages
Relational Middle to high school

Cyberbullying Middle to high school

Identity-based Adolescence

dren, its prevalence rises significantly during middle
school and peaks in high school. Both boys and girls
engage in cyberbullying; however, ¢irls are slightly
more likely to be victims of relational forms of cyber-
bullying [9, 10];

sexual and identity-based bullying involves harassment
or victimization based on characteristics such as sex-
ual orientation, gender identity, race, ethnicity, reli-
gion, or disability. This form of bullying disproportion-
ately affects individuals from marginalized groups. It
becomes more prevalent during adolescence, a period
marked by intensified identity formation and social
categorization. Victims are often LGBTIQ+ youth,
students with disabilities, and members of racial or
ethnic minority groups [11, 12].

While all types can co-occur, studies have shown that
verbal and relational bullying are more commonly re-
ported than physical aggression [8, 13, 14].

Epidemiology

Bullying is a global issue, with prevalence rates vary-
ing by region, country, and study methodology [15-18].
According to a 2019 United Nations Educational, Sci-
entific and Cultural Organization (UNESCO) report,
nearly one-third of children worldwide reported ex-
periencing bullying in the past month, with a smaller
proportion experiencing it on six or more days within
that period [15]. Regional differences are evident, with
reported rates ranging from 22.8% in Central America
to 48.2% in sub-Saharan Africa. Studies across multiple
countries reveal similar variability. For example, a study
involving 23 countries found that traditional bullying
prevalence ranged from 8% to 50%, with an average of
27%. Another analysis of 28 countries reported preva-
lence rates ranging from 6.3% among girls in Sweden to
41.4% among boys in Lithuania. In the United States,
approximately 29% of students report being victims
of school-based bullying. In Norway, prevalence rates
range between 8.3% and 12.5%, depending on the study
[15, 17]. These variations highlight the complexity of
accurately measuring bullying prevalence due to differ-
ences in definitions and methodologies.

According to the World Health Organization (WHO),
boys are generally more likely than girls to engage in
both traditional and cyberbullying behaviors. Although
the prevalence of victimization from traditional bully-
ing is relatively similar between boys and girls, girls are
more frequently targeted through cyberbullying. While
the overall rates of bullying perpetration have declined
since 2014, the proportion of adolescents experiencing

Prevalence trend

Declines with age

Stable across age

Increases with age

Increases with technology access

Increases in diverse environments
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bullying has remained largely unchanged. Additionally,
over one in ten adolescents reported being cyberbullied
during the same period, with girls (14%) more likely
than boys (12%) to report such experiences. Although
girls are less likely to cyberbully others, they are dis-
proportionately affected as victims of cyberbullying.
The prevalence of bullying perpetration peaks at age
15 for boys and age 13 for gitls. Younger adolescents,
in general, are particularly vulnerable to victimization.
Moreover, boys are significantly more likely than girls
to engage in physical fighting, with 15% of boys and
5% of girls reporting involvement (https://www.who.
int/europe/initiatives/health-behaviour-in-school-aged-
children-(hbsc)-study/highlights).

It is important to highlight that the interpretation of
what constitutes bullying varies according to culture
and age group. These differences may account for part
of the large variation in prevalence rates reported across
studies (Table 2).

Age and cultural differences in the perception
of bullying

The interpretation of what constitutes bullying is
deeply embedded within cultural norms and values and
therefore varies considerably across societies.

Developmental factors play a role, as younger chil-
dren are less likely to identify or report indirect or
relational forms of aggression such as exclusion or ru-
mor-spreading, while older adolescents become more
sensitive to these subtler dynamics [19].

In bullying research, many studies rely on question-
naire-based responses, which limits the findings to chil-
dren who are old enough to read, comprehend, and com-
plete such instruments proficiently. Nevertheless, some
investigations have explored much younger age groups,
including children as young as four years old [20, 21]. It
is important to recognize that the way younger children
conceptualize bullying evolves with age. Eatly on, their
understanding does not typically emphasize elements
such as power imbalance, repetition, or intent to harm,
which are more commonly identified by older children.
Instead, younger children tend to describe bullying in

Table 2
Reported bullying prevalence

terms of the negative impact on the victim or behaviors
that deviate from what is perceived as normal, often re-
gardless of whether the actions are repeated or unpro-
voked [22]. According to this broader interpretation, a
child may be labeled a bully irrespective of intent.

An Italian study published in 2002 compared defini-
tions of bullying provided by teachers and students aged
8 to 14 years. The findings revealed that older students
were more likely to classify a wider range of behaviors as
bullying, including social or gender-based exclusion and
verbal bullying, compared to teachers. Educators, on the
other hand, tended to overlook these relational or verbal
forms, focusing instead on more overt behaviors such as
physical aggression, even when their descriptions aligned
more closely with fighting than with bullying [23].

However, cultural context remains a decisive factor in
shaping both recognition and reporting. For instance,
research conducted in Scandinavian countries demon-
strates that behaviors like social exclusion or rumor dis-
semination are consistently categorized as bullying and
systematically monitored in school settings, reflecting
a strong societal emphasis on equity and inclusion [24,
25].

Recent research underscores additional complexity:
while racial and ethnic minority youth report compara-
ble or even higher levels of victimization behaviors than
their majority peers, they are less likely to label those
experiences as “bullying” when asked via definition-
based measures [26, 27].

In sub-Saharan African contexts, such as Ghana or
Uganda, bullying is often equated with physical vio-
lence, while verbal or relational aggression is less likely
to be recognized, reflecting broader socialization pat-
terns where direct confrontation is more salient [28].

Cyberbullying adds another layer of cultural varia-
tion, since its salience is tied to digital penetration and
attitudes toward online interaction. In East Asian coun-
tries such as South Korea and Japan, cyberbullying is a
predominant concern, often linked to cultural patterns
of group conformity and social reputation [29].

Ethnic and cultural harassment further illustrates
how minority stress frameworks apply to bullying. In

Examples from reviewed studies

Sweden (6.3% girls), Lithuania (41.4% boys), Norway (8.3-12.5%)
About 19.5% of high school students reported being bullied on school property in

the past 12 months, and 15.7% reported being cyberbullied during the same period

Macro-area Range of reported
prevalence

Europe [15] 25%

North America [15, 17] 29.0-31.7%

Central America [15] 22.8%

Sexual bullying is prominent. Psychological/relational bullying 7.5% as the highest

regional median

South America [15, 16] 30-40%

Brazil 20% cyberbullying among 9-17 years of age internet users

Middle East [15, 18] 41.1-451% Physical and sexual bullying are prominent

Asia [15] 7-40% 7% in Tajikistan is the global low; 29% in Philippines

North Africa [15] 42.7% Physical and sexual bullying are prominent

Sub-Saharan Africa 48.2% Highest reported regional physical-bullying prevalence. Less frequent
[15,18] psychological/relational bullying

Caribbean 30-40% Limited data

[15,16]
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multicultural school settings in the United States, dis-
criminatory harassment based on race or immigrant sta-
tus is explicitly recognized as bullying, with institutional
mechanisms for redress. Yet minority and immigrant
youth remain disproportionately vulnerable to bias-
based bullying, which is consistently associated with
more severe mental health and academic consequences
than non-bias bullying, including depression, suicidal
ideation, and school disengagement [30, 31].

These findings highlight how cultural, ethnic, and
age-related differences shape not only prevalence esti-
mates but also the reactions of victims, peers, and edu-
cators. They emphasize the importance of developing
culturally responsive measurement tools and interven-
tions that are sensitive to diverse populations.

Bullying in Italy

The 2023 National Institute of Statistics (Istituto Na-
zionale di Statistica, ISTAT) survey “children and youth:
behaviors, attitudes, and future plans” involved over
39,000 young people aged 11 to 19 across Italy, focusing
on bullying and cyberbullying. About 68.5% reported ex-
periencing at least one offensive or violent episode, and
21% were victims of repeated bullying. The most com-
mon forms included verbal abuse, social exclusion, and
online attacks, with a higher impact on minority groups
such as foreign nationals, LGBTIQ+ youth, and neuro-
divergent individuals. Repeated bullying affected 20% of
youth in Southern Italy, slightly less than in other regions
where rates ranged from 21% to 22.1% [32, 33].

A study using data from 28 countries in Europe and
North America in 1997-98 found that the proportion
of students being bullied in Italy varied. The prevalence
was lower than in some other countries, such as Lithu-
ania, where 38.2% of girls and 41.4% of boys reported
being bullied [34]. More recent data from the UNES-
CO report “Behind the numbers” indicates that Italy
has seen a significant decrease in the prevalence of bul-
lying. Italy was one of six countries that has seen a de-
crease in the prevalence of bullying, physical fights and
physical attacks [15]. Italy has invested significantly in
research and evaluation of anti-bullying interventions
and programs. Evaluations of the school-based pro-
grams, “No Trap!” (beginning in 2008) and kiusaamista
vastaan (KiVA), (beginning in 2013) have demonstrated
their effectiveness in reducing school violence and bul-
lying in Italian schools. Italy is also one of two countries
that report teacher training on online safety and the
prevention and reporting of cyberbullying [35-37].

Bullying remains a significant public health concern
in Italy, despite ongoing efforts to curb its prevalence.
Research has consistently demonstrated a direct asso-
ciation between bullying victimisation and the devel-
opment of somatic complaints among Italian children,
such as headaches, stomachaches, and sleep distur-
bances, indicating that the impact of bullying extends
beyond psychological harm to physical well-being [38].
Moreover, cyberbullying has emerged as a parallel and
equally concerning phenomenon. Italian studies have
shown that cybervictimisation is significantly correlated
with both psychological distress and physical symp-
toms, reinforcing the complex and multidimensional

effects of online harassment [39]. Although national
intervention programs and school-based strategies have
contributed to some reductions in bullying rates, the
persistence of both traditional and cyberbullying sug-
gests that more comprehensive and sustained efforts
are needed. These should include educational cam-
paigns, psychological support services, and continuous
monitoring, all of which must be tailored to address the
evolving dynamics of youth aggression and its health-
related consequences in the Italian context.

DEFINITION AND CLINICAL
SIGNIFICANCE OF SOMATIC SYMPTOMS
Somatic symptoms refer to physical complaints, such
as headaches, fatigue, dizziness, abdominal pain, and
sleep disturbances, that are not fully explained by or-
ganic medical conditions. According to the Diagnos-
tic and Statistical Manual of Mental Disorders, fifth
edition (DSM-5), somatic symptom disorder (SSD)
involves the presence of these physical symptoms in
conjunction with excessive thoughts, feelings, or behav-
iors related to health concerns, resulting in functional
impairment [40]. The prevalence of recurrent somatic
complaints in adolescents is considerable, ranging from
2% to 10%, with up to 50% of youths reporting isolated
somatic symptoms [41]. These symptoms are associated
with increased health service use, school absenteeism,
and long-term risk of psychiatric comorbidities [42, 43].

BULLYING AS A LONGITUDINAL
PREDICTOR OF SOMATIC SYMPTOMS

Emerging evidence identifies bullying as a significant
psychosocial risk factor for the development of somatic
symptoms. Bullying victimization is consistently associ-
ated with a higher prevalence of somatic complaints in
adolescents.

Children and adolescents identified as bully-victims,
victims, or bullies exhibited a significantly elevated risk
of experiencing psychosomatic problems, including
headaches, compared to their uninvolved peers [38, 44,
45].

Various forms of bullying victimization, including
physical aggression, verbal abuse, and social exclusion,
collectively accounted for approximately 6% of the vari-
ance in subjective well-being (SWB) among children,
with variations observed across regions, age groups,
gender, geographic settings, and socio-economic back-
grounds. This proportion is likely to be higher among
subgroups directly exposed to repeated victimization.
More frequent bullying experiences were consistently
associated with lower levels of SWB. Notably, while
these forms of victimization had a significant negative
impact, the persistence of relatively stable SWB levels
suggests that homeostatic mechanisms may play a me-
diating role. Furthermore, diminished SWB has been
linked to increased physical complaints, highlighting
the potential psychosomatic pathway through which
bullying affects children’s health [46].

In a study by Espejo-Siles et al., experiences of bul-
lying victimization were significantly associated with
increased somatic symptoms at the time of assessment
and persisted one year later [47].
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A prospective study by Fekkes et al. provided evidence
that children exposed to bullying developed a greater
number of somatic symptoms within a six-month pe-
riod, supporting a unidirectional causal relationship in
which bullying precedes and contributes to the onset of
physical health complaints [48].

Hunter and colleagues found that both victims and
perpetrators of bullying were nearly twice as likely to
report sleep difficulties compared to uninvolved peers
[49]. A meta-analysis by van Geel et al. involving over
360,000 children and adolescents, confirmed that peer
victimization is linked to significantly more sleep prob-
lems, particularly among younger children [50].

The biological plausibility of bullying-induced somat-
ic symptoms centers on chronic stress and its impact on
neuroendocrine and immune function. Sustained expo-
sure to psychosocial stressors like bullying is thought to
dysregulate the hypothalamic-pituitary-adrenal (HPA)
axis, resulting in elevated cortisol levels and inflamma-
tory responses that may manifest as physical symptoms.
A study found that bullied children had higher corti-
sol reactivity to stress compared to nonbullied peers,
suggesting heightened HPA axis activity. Conversely,
other studies have observed blunted cortisol responses
in maltreated or bullied children, indicating potential
HPA axis dysregulation [51, 52]. Chronic activation of
the HPA axis can lead to sustained cortisol secretion,
which, over time, may suppress immune function and
increase inflammation. Elevated levels of pro-inflam-
matory cytokines, such as IL-1f and TNF-a, have been
associated with stress-related conditions and can con-
tribute to physical symptoms like fatigue, sleep distur-
bances, and pain [53-55].

Affective empathy, or the capacity to emotionally
share others’ experiences, has also been implicated.
Espejo-Siles et al. found that higher levels of social and
emotional competencies were associated with lower lev-
els of somatic symptoms one year later. In contrast, el-
evated affective empathy was linked to greater somatic
symptom reporting both concurrently and longitudi-
nally [47]. This association may be mediated by poor
emotional regulation, as supported by MacDonald and
Price, who showed that college students with high af-
fective empathy reported more internalizing symptoms.
In contrast, cognitive empathy was not significantly
linked to somatic symptoms, suggesting a differential
role of empathy subtypes [56].

This aligns with prior findings where emotional in-
telligence and social skills were inversely related to
various problem behaviors, including internalizing dis-
orders and psychosomatic complaints [57, 58]. Sup-
porting this, studies have shown that adolescents with
alexithymia are more likely to report increased somatic
symptoms [59]. Thus, enhancing emotional compe-
tence may serve both preventative and therapeutic roles
in adolescent health.

PUTATIVE STRATEGIES AND FUTURE
DIRECTIONS

Given the established link between bullying victim-
ization and the emergence of somatic symptoms in
youth, future clinical and research efforts must empha-

size early identification, multidisciplinary intervention,
and targeted prevention.

Clinicians should be trained to recognize somatic
complaints, particularly recurrent symptoms such as
headaches, fatigue, or abdominal pain, as potential
red flags for underlying psychosocial distress, including
peer victimization.

Routine use of structured psychosocial screening
tools in pediatric and adolescent settings may aid in
the timely detection of bullying and associated psy-
chological sequelae. Psychotherapeutic approaches,
especially cognitive-behavioral therapy (CBT), have
shown promise in addressing somatization and under-
lying emotional dysregulation. Integrating emotional
skills training, stress-reduction techniques, such as
mindfulness-based interventions, and trauma-informed
care into clinical practice could help mitigate both psy-
chological and physiological manifestations of chronic
stress in bullying victims. Family-centered approaches
and school-based mental health services should be pri-
oritized, particularly in moderate to severe cases, to ad-
dress environmental contributors and promote systemic
resilience.

From a public health standpoint, school-wide anti-
bullying programs that incorporate peer mediation,
social-emotional learning (SEL), and empathy develop-
ment may reduce victimization rates and buffer against
somatic symptom onset.

Tailored interventions may be needed for students
with high affective empathy, who appear especially
vulnerable to internalizing distress. Early identification
and support for bullied students and those with emo-
tional dysregulation could reduce long-term somatic
and psychological sequelae.

CONCLUSIONS

The relationship between bullying victimization and
somatic symptoms highlights the profound impact of
psychosocial stress on both mental and physical health
in adolescents. Bullying not only fosters emotional
distress but also contributes to chronic physiological
changes, which can manifest as physical complaints
like headaches, fatigue, and sleep disturbances. These
somatic symptoms may serve as critical, though not ex-
clusive, indicators of underlying psychological distress,
particularly for those who have experienced persistent
peer victimization. They should be interpreted as part
of a wider psychosocial assessment rather than as stand-
alone markers. Clinicians should be vigilant in recogniz-
ing these symptoms, as they provide an opportunity for
early intervention and support for both the psychologi-
cal and physical well-being of bullied youth. Further-
more, the implementation of comprehensive school-
based programs and trauma-informed care, coupled
with family and community involvement, is essential for
addressing the root causes of bullying and mitigating its
harmful effects on adolescents’ overall health. By fos-
tering environments that promote emotional resilience,
social-emotional learning, and peer support, we can re-
duce the prevalence of bullying and its associated health
consequences, ultimately supporting healthier and more
adaptive developmental trajectories for youth.
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Abstract Key words
Introduction. Vaccine hesitancy remains a major public health challenge in Europe, | ® vaccination hesitancy
with declining confidence in vaccine safety and efficacy despite high overall acceptance. | © Europe

Evidence on its determinants and effective interventions is fragmented, underscoring | ® vaccine acceptance
the need for a comprehensive synthesis. This overview of systematic reviews aimed to
describe the most recent determinants of vaccine acceptance, barriers to vaccination,
and effective interventions to reduce hesitancy or increase uptake in Europe.

Methods. The search was conducted in PubMed, Embase, Epistemonikos. Reviews were
eligible if they included European data.

Results. Of 3,363 papers, 88 reviews were included, classified into children, adolescents,
and parents (n=29); pregnant women (n=11); healthcare workers (HCWs) (n=12); and
the general population (n=36) reviews. Determinants of vaccine acceptance included
high education, socioeconomic status, gender, trust in government/health authorities,
and HCW recommendations, with associations that varied across populations, vaccines,
and contexts. Emerging determinants such as health engagement and social media were
reported. Main barriers included fear of side effects, safety concerns, preference for nat-
ural immunity, and logistical challenges. Interventions included educational campaigns,
reminders, organizational changes, school-based programs, and digital tools. Active re-
minders, school-based programs, and organizational changes showed the most consis-
tent effectiveness.

Conclusions. Vaccine hesitancy is multifaceted, requiring tailored, evidence-based strate-
gies. Future research should prioritize rigorous study designs and underexamined factors.

INTRODUCTION

Vaccine hesitancy has been a recurring challenge since
the advent of vaccinations [1]. Recognizing the global
significance of this issue, the World Health Organiza-
tion (WHO) identified vaccine hesitancy as one of the
top ten threats to global health in 2019 [2]. In Europe,
vaccine hesitancy has increased over the past two de-
cades [3]. In particular, the most recent State of Vaccine
Confidence in the European Union (EU) analyzed over
25,000 questionnaires across the 27 EU member states,
highlighting fluctuations in public perceptions of vac-
cine importance, safety, and efficacy [4]. While overall
confidence in vaccines remains high, perceptions of their

safety and efficacy have diminished in most countries
post-2020 [4]. As vaccination remains a cornerstone of
public health, addressing vaccine hesitancy is essential
to achieving high coverage rates, ensuring community
protection, and preventing the resurgence of vaccine-
preventable diseases. Despite the growing body of lit-
erature on vaccine hesitancy, evidence in the European
context remains fragmented across different vaccines,
population groups, and analytical approaches. While nu-
merous primary studies and systematic reviews have ex-
plored specific determinants, barriers, or interventions,
a comprehensive synthesis integrating these dimensions
across populations and settings is still lacking.
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Within this context, the Addressing Vaccine Hesi-
tancy in Europe (VAX-TRUST) study was funded by
the European Union's Horizon 2020 research and in-
novation programme and was initiated in 2021. VAX-
TRUST investigated vaccine hesitancy as a complex
transnational, yet region- and context-specific phenom-
enon in Europe. With a specific focus on childhood vac-
cines, the study particularly emphasized interactions
between healthcare workers (HCWs) and parents dur-
ing vaccination visits, identifying these encounters as
critical moments influencing vaccine hesitancy [5]. One
of VAX-TRUST's objectives was to support HCWs in
addressing hesitancy through tailored interventions [6].
To inform these interventions, a systematic review de-
scribed existing strategies and interventions for HCWs
[7], while complementary research, including the pres-
ent work, focused on mapping the key determinants of
vaccine hesitancy in Europe and identifying the strate-
gies used to address it. Specifically, it intended to ex-
plore the factors influencing vaccine hesitancy, high-
lighting the differences in these determinants across
various population groups that may attend vaccination
centers, to better guide both research and patient inter-
actions. Therefore, this overview of systematic reviews
aimed to provide a comprehensive description of the
most recent determinants of vaccine acceptance, bar-
riers that hinder vaccinations, and potential effective
interventions to reduce vaccine hesitancy or increase
vaccine uptake in Europe.

MATERIALS AND METHODS

A systematic search was conducted across multiple
databases, including PubMed, Embase, and Episte-
monikos, to retrieve the most recent systematic reviews
on the topic. The search was performed on March 22,
2022, and included only studies published from 2017
onward. The search strategy was structured using the
population intervention comparison outcome (PICO)
framework. The population included the European
population, with a particular focus on the general popu-
lation, pregnant women, parents, children and adoles-
cents, as well as HCWs and healthcare students. The
interventions/exposures analyzed were determinants
of vaccine acceptance, barriers hindering vaccinations,
and interventions designed to reduce hesitancy or in-
crease vaccine uptake. Reviews that included studies
with any control groups, as well as those without control
groups, and any outcomes related to vaccine hesitancy
and vaccine uptake were considered eligible. The search
terms are available in the Supplementary material avail-
able online (“List of search terms”). The protocol was reg-
istered on the International prospective register of sys-
tematic reviews (PROSPERO) (CRD42022379111).
This article is a revised and expanded version of a con-
ference abstract presented at the 17th World Congress
on Public Health (Rome, Italy, 2023) [8].

Eligible reviews had to meet the following criteria:
systematic review or meta-analysis with the primary
aim that includes exploring determinants of vaccine
hesitancy and/or interventions aimed at reducing vac-
cine hesitancy or increasing vaccine uptake; published
in peer-reviewed journals; focused on European popu-

lations. Studies were excluded if they: examined only
non-European populations; were preprints; focused
solely on specific subpopulations (e.g., individuals with
diseases, minorities); addressed only vaccine efficacy,
side effects, or vaccination coverage without discuss-
ing determinants, barriers, or interventions; analyzed
pipeline vaccines, timely administration of the hepatitis
B (HBV) vaccine birth dose, or were scoping reviews,
narrative reviews, overviews, primary studies, editori-
als, letters, or conference papers. Exclusively qualitative
systematic reviews were excluded because this overview
aimed to compare determinants, barriers, and inter-
vention types based on evidence allowing assessment
of their recurrence and consistency across studies and
populations.

The authors independently screened the titles and ab-
stracts using the web application Rayyan [9]. Each ar-
ticle was evaluated by at least two authors. As training,
5% of the articles were independently screened by all au-
thors, and disagreements were resolved through consen-
sus before proceeding with the remaining papers. Then,
full texts of potentially eligible studies were assessed
against the inclusion and exclusion criteria by at least
two authors, with decisions tracked in Excel. Reasons for
exclusion were documented. Throughout the process,
reviewers were blinded to each other’s decisions, and dis-
agreements were resolved through consensus.

Data were extracted into pre-designed Excel spread-
sheets. The extracted information included: author and
year of publication; vaccinations studied; target popula-
tions; search dates and databases; number, design, and
years of included studies; continents and participants
of included studies; determinants of vaccine acceptance
and barriers hindering vaccinations in Europe; interven-
tions targeting vaccine hesitancy or increasing vaccine
uptake in Europe (with data on the results of interven-
tions, if available). For each systematic review, at least
one author extracted the data, and another author
verified it. Discrepancies were resolved by discussion.
When systematic reviews provided Europe-specific
analyses or summaries, these were directly extracted
and synthesized. When Europe-specific results were
not reported, all primary studies included in the review
were screened to identify those conducted in European
countries, based on study setting and population. Data
and conclusions from these European primary stud-
ies were then extracted and synthesized to generate a
Europe-focused summary.

The risk of bias of the included systematic reviews
was assessed using the “A MeaSurement Tool to Assess
systematic Reviews 2” (AMSTAR 2) [10]. At least one
author conducted the assessment, and another author
verified it. Any disagreements were addressed through
consensus-based discussions.

The narrative synthesis was organized by macro-
categories of populations, summarizing how frequently
data on determinants of vaccine acceptance, barriers
hindering vaccinations, and interventions to address
vaccine hesitancy or increase vaccine uptake were cited
in the systematic reviews. For determinants and barri-
ers, the synthesis followed the structure of the Vaccine
Hesitancy Determinants Matrix, which categorizes fac-
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tors influencing the decision to accept, delay, or reject
vaccines into three domains: contextual influences,
individual and group influences, and vaccine/vacci-
nation-specific influences [11]. For interventions, the
information on efficacy/effectiveness was summarized
as “significant” if the systematic review reported signifi-
cant improvements in any outcome, and “non-signifi-
cant/conflicting” if no significant results were reported
or if the studies included in the review showed mixed or
conflicting findings.

RESULTS
Selection process

Out of 3,363 papers, 88 were selected. Figure S1
(Supplementary material available online) shows the
PRISMA flow diagram [12]. The included systematic
reviews were classified, according to available European
data, as primarily concerning children, adolescents, and
parents (CAP) (n=29, 33% of the reviews); pregnant
women (PW) (n=11, 12.5%), HCWs (n=12, 13.6%),
and general population (GP) (n=36, 40.9%).

Cbharacteristics of the systematic reviews

Included reviews were published between 2017 and
2022 considering all the subpopulations, except for PW
(2018-2022). The year with the highest number of pub-
lished articles was 2020 for CAP (n=8, 27.6% of CAP
reviews) and 2021 for all the other categories (PW: n=>5,
45.5%; HCWs: n=5, 41.7%; GP: n=12, 33.3%).

Search dates had no lower date limit in 24.1% of
CAP reviews (n=7), 27.3% of PW reviews (n=3), 100%
of HCWs reviews (n=12), and 16.7% of GP reviews
(n=6). The most used lower limit in CAP reviews was
2006 (n=4, 13.8%), mostly related to the human papil-
lomavirus (HPV) vaccination introduction. Consider-
ing the other populations, the most frequent range was
around 2020-2021, due to the COVID-19 pandemic
focus (PW: n=3, 27.3%; HCWs: n=3, 25.0%; GP: n=9,
25.0%).

Overall, the reviews used an average of 5 databases
to conduct the search (databases mean: CAP 6; PW
4; HCWs 5; GP 5). The most used databases were:
PubMed/MEDLINE (n=28, 96.6%), Embase (n=15,
51.7%), and Scopus (n=14, 48.3%) for CAP; PubMed/
MEDLINE (n=11, 100.0%), Embase (n=5, 45.5%), and
Web of Science (n=5, 54.5%) for PW; PubMed/MED-
LINE (n=12, 100.0%), Embase (n=8, 66.7%), Web
of Science (n=5, 50.0%) and CINAHL (n=5, 50.0%)
for HCWs; PubMed/MEDLINE (n=36, 100.0%), CI-
NAHL (n=16, 44.4%), and Embase (n=15, 41.7%) for
GP.

The most frequent target populations of the CAP re-
views were adolescents and young adults (n=10, 34.5%),
parents of children (n=9, 31.0%), parents of children
and adolescents (n=8, 27.6%). All PW reviews were
on pregnant women. Few HCW reviews focused on a
specific subgroup: 1 on midwives (8.3%), 1 on nurses
(8.3%), and 1 on obstetrics/gynecologists (8.3%). Simi-
larly, few GP reviews focused on some subgroups: 7 on
elderly individuals or risk groups that included elderly
(19.4%), 1 on women (2.8%), and 1 on university stu-
dents (2.8%).

The most frequent target vaccinations of the CAP
reviews were HPV (n=13, 44.8%), pediatric vaccines
with no specific restriction (n=8, 27.6%), vaccines
in adolescents (n=2, 10.3%), and COVID-19 (n=2,
10.3%). Considering PW reviews, the most frequent
vaccinations were against COVID-19 (n=4, 36.4%) and
flu (n=3, 27.3%). In HCW reviews, the most frequent
vaccinations were against COVID-19 (n=3, 25.0%) and
vaccinations with no specific restriction (n=3, 25.0%).
Lastly, in GP reviews, the most frequent vaccinations
were vaccines with no restrictions (n=13, 36.1%), CO-
VID-19 (n=11, 30.6%), and flu (n=7, 19.4%).

Included studies within the reviews ranged between
6 and 103 for CAP (mean: 30 studies), 9 and 120 for
PW (mean: 28), 6 and 96 for HCWs (mean: 27), and 5
and 470 for GP (mean: 45). Among these, studies con-
ducted only in Europe per review ranged between 1 and
103 for CAP (mean: 11), 1 and 25 for PW (mean: 6), 1
and 82 for HCWs (mean: 14); 1 and 176 for GP (mean:
13). Only 5 reviews were exclusively based on Euro-
pean studies (3 CAP; 1 PW; 1 HCWs; 0 GP). Overall,
the continent with the highest number of papers was
America, with the following mean number of papers: 15
(CAP), 13 (PW), 10 (HCWs), and 19 (GP).

Details about the abovementioned characteristics are
presented in the Supplementary material available online

(Table S1).

European data

Considering the included European studies, most re-
views (n=52) were focused only on determinants and/
or barriers (CAP: n=14, 48.3%; PW: n=9, 81.8%, HCW:
n=8, 66.7%; GP: n=21, 58.3%). Fewer reviews (n=27)
were mostly focused on interventions (CAP: n=12,
41.4%; PW: n=2, 18.2%, HCW: n=2, 16.7%; GP: n=11,
30.6%). In some cases (n=9), the reviews included both
papers on determinants/barriers and interventions due
to their main aims (CAP: n=3, 10.3%; HCW: n=2,
16.7%; GP: n=4, 11.1%).

Studies on determinants/barriers included in the re-
views were all observational studies (including quanti-
tative, qualitative, and mixed methods designs). Con-
sidering the 27 reviews with European studies only on
interventions, the percentage of randomized controlled
trial (RCT) varied from 0% (PW: 0/3 primary articles),
to 33.3% (CAP: 13/39 primary articles), 64.3% (GP:
27/42 primary articles), and 100.0% (HCW: 10/10 pri-
mary articles).

The publication year of the European primary papers
included in the reviews ranged between 1980 and 2021
(CAP: 1980-2021; PW: 2010-2021; HCW: 1998-2021;
GP: 1997-2022). The sample size ranged between 5
to 8,020,000 individuals (CAP: 5-1,204,588; PW: 14-
247,316; HCW: 10-50,351; GP: 20-8,020,000) (Supple-
mentary material available online, Table S1).

Determinants of vaccine acceptance

Figure 1 shows the determinants of vaccine acceptance
that have been most frequently reported across multiple
identified macro-categories. Considering contextual in-
fluences, the most frequently mentioned determinants
of vaccine acceptance were higher educational attain-
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CAP review (n=29)

PW review (n=11)

HCW review (n=12)

GP review (n=36)

Type of vaccine (n)

Type of vaccine (n)

Type of vaccine (n)

Type of vaccine (n)

CONTEXTUAL INFLUENCES

Mothers'/Parents’ higher education

HPV (3)
Pediatric vaccines (2)

Higher socio-economic situation

HPV (2)
Vaccines (1)

Higher educational level

COVID-19 (1)*

Male gender

COVID-19 (1)*

Being in favor of mandatory
vaccinations

Pediatric vaccines
(1)

Vaccines (1)*

COVID-19 (4) HPV (1)

SARS, Flu A/H1N1, MERS, Ebola, and
COVID-19 (1)

Vaccines (1)

INDIVIDUAL AND GROUP INFLUENCES

Personal vaccination history
(i.e., the participant or the parent has

Pregnancy vaccines
(1)

specific vaccine or disease of focus

Vaccines (1)

already been vaccinated for other HPV (2) COVID-19 (4)
vaccinations) Flu (1)

Perceiving VPDs as severe - ar)e gnancy vaccines
Awareness/knowledge regarding the | HPV (1) Pregnancy vaccines

m

COVID-19 (3)*
Flu (1)**
Vaccines (1)**

COVID-19 (1)*
Vaccines (1)*

COVID-19 (2) Flu (2) HPV (1)
Vaccines (1)

SARS, Flu A/H1N1, MERS, Ebola, and
COVID-19 (1)

Flu (1) Meningoc. (1) Vaccines (1)
SARS, Flu A/H1N1, MERS, Ebola, and
COVID-19 (1)

COVID-19 (4) Flu (1) Vaccines (1)

useful

Pediatric vaccines (2)

Pediatric vaccines
(1)

Perceiving the risk of contracting
VPDs

Having a chronic disease

Flu (1)

Trust in government policies and COVID-19 (1) 5

health authorities HPV (1) N Vaccines (1y** 23?,?,’3?1‘3%';1 P, B 61, G
. Pregnancy vaccines

Perceiving vaccines as important/ ﬁg\\;lg)w M (1) Vaccines (1)** COVID-19 (2) Flu (1)

Meningoc. (1)

COVID-19 (2) Flu (1)
SARS, Flu A/H1N1, MERS, Ebola, and
COVID-19 (1)

COVID-19 3) Flu (3)
SARS, Flu A/HIN1, MERS, Ebola, and
COVID-19 (1)

Having received advice to get

recommendation

Pediatric vaccines (1)

(1)

vaccinated (by other figures than HPV (1) - - Flu (1)

physicians)
COVID-19 (1)*

Older age - - Vaccines (1)**
HBV, measles,

Younger age - - rubella, varicella, COVID-19 (1) Meningoc. (1)
and flu (1)*

VACCINE - AND VACCINATION -

SPECIFIC ISSUES

Healthcare professional HPV (2) Pregnancy vaccines OMIR-ID (M) AW ()

SARS, Flu A/HTIN1, MERS, Ebola, and
COVID-19 (1)

50% 40-49%

10-19% ‘ 1-9%

[ ]

Figure 1

Determinants of vaccine acceptance.

The figure shows the number of reviews that mention a determinant per type of vaccine. If the type is “vaccines’, it means the review refers to vaccines
without any restrictions. The color of the cells represents the percentage of reviews that mention a determinant relative to the total number of reviews in
each column category (i.e., CAP: children, adolescents, and parents; GP: general population; HCWs: healthcare workers; PW: pregnant women). The darker
the color, the higher the percentage of reviews that mention the determinant.
HPV: human papillomavirus; VPDs: vaccine-preventable diseases; Meningoc.: meningococcal disease; MERS: Middle East Respiratory Syndrome; n.m.: not
mentioned; SARS: Severe Acute Respiratory Syndrome; *HCW: considered as vaccine (review: n=8); **HCW: considered as providers (review: n=4).
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ment (of the parents or of the individual) and higher
socioeconomic status, which represent structural deter-
minants, as well as male gender, whose association with
vaccine acceptance likely reflects context-specific social
and cultural factors. A positive attitude towards manda-
tory vaccination policies was also mentioned both for
pregnant women and HCWs.

Other contextual determinants were mentioned less
frequently. Indeed, CAP reviews also mentioned being
exposed to media and social media that promote vacci-
nation (1 review on HPV) and having multiple options
to access the vaccination (1 review on vaccines in gen-
eral). Considering GP reviews, feeling close to radical
parties or not feeling close to any party were also re-
ported (1 review on COVID-19), as well as living in an
urbanized area (1 review on vaccines in general) and
being white (4 reviews on COVID-19, 2 on flu, and 1
on Severe Acute Respiratory Syndrome, Influenza A/
HIN1, Middle East Respiratory Syndrome, Ebola Vi-
rus Disease, and COVID-19). Two GP reviews on CO-
VID-19 and meningococcal vaccinations reported fe-
male gender as a positive determinant, in contrast with
a higher number of abovementioned studies.

With regard to individual and group influences, the
most frequently cited determinants across most macro-
categories (HCW, GP and at least one between CAP
and PW) were history of vaccination, perceiving vac-
cine-preventable diseases (VPDs) as severe, knowledge
on VPDs or vaccines, trust in government and health
authorities, perceiving vaccines as important and/or
useful. For HCW and GP reviews, the perceived risk of
contracting VPDs and age (with conflicting data) repre-
sented determinants that appeared in multiple reviews.
Having received advice to get vaccinated (by other fig-
ures than physicians) and having a chronic disease were
cited for GP and CAP/PW (Figure 1).

As for determinants specific for one macro-category,
CAP reviews mentioned the perception of HPV vac-
cine benefits by parents (2 reviews on HPV), declaring
willingness to protect own child (1 review on HPV and
1 on vaccines in general), parental perception about the
importance of future partner protection (1 review on
HPV), sexual habit (1 review on HPV), peer encour-
agement (1 review on HPV and 1 on vaccines in gen-
eral), influence of grandparents (1 review on HPV), and
child’s older age (1 review on HPV). PW reviews high-
lighted in 4 reviews on COVID-19: maternal age higher
than 30 years, proximity of childbirth/being in the third
trimester, living with someone older than 65 years, hav-
ing had COVID-19. The perception of responsibility
and being physician or midwife were reported for both
HCWs as vaccinees (1 review on vaccines in general
and 2 reviews on COVID-19, respectively) and HCWs
as providers (2 reviews on vaccines in general); while
less years of work experience (1 review on COVID-19
and 1 review on HBV, measles, rubella, varicella and
influenza) and working in intensive care units (1 review
on HBV, measles, rubella, varicella and influenza) were
reported for HCW as vaccinees. GP reviews mentioned
health engagement (1 review on COVID-19) and hav-
ing given up smoking (1 review on flu), perceiving vac-
cines as effective (4 reviews on COVID-19 and 1 on

flu), considering side effects less risky than VPD (1
review on COVID-19 and 1 on flu), social norms/so-
cial pressure (2 reviews on COVID-19, 2 on flu, 1 on
meningococcus, 1 on Severe Acute Respiratory Syn-
drome, Influenza A/HIN1, Middle East Respiratory
Syndrome, Ebola Virus Disease, and COVID-19), per-
ceived poor health (2 reviews on flu), being married (1
review on COVID-19 and 1 on flu), being a HCW (3
reviews on COVID-19), living with other people/having
a large household (1 review on flu and 1 on vaccines in
general).

Last, considering vaccine and vaccination-specific
issue, the recommendation by HCWs was frequently
mentioned for all categories (except HCW reviews)
(Figure 1). CAP reviews specifically reported health in-
surance coverage (2 reviews on HPV) and PW reviews
the presence of an obstetrician following the pregnancy
(4 reviews on COVID-19). HCW reviews that consid-
ered HCW as providers reported 1 review on vaccine in
general that described as determinant: general positive
attitude towards vaccination, not having false beliefs
about vaccines (reported also in another review on flu),
having seen VPDs, patients’ clinical status, willingness
to vaccinate own child, routine recommendation of
vaccinations, working alone, and being ready to discuss
sexuality with patients for the HPV vaccine. For HCW
as vaccinee, 1 review on HBV, measles, rubella, varicella
and influenza reported receiving the proposal by an oc-
cupational health physician and a general practitioner
or from the vaccination service as determinant.

The Supplementary material available online (Table S1
and Table S2) shows further details considering each re-
view.

Barriers bindering vaccinations

Figure 2 shows the barriers hindering vaccinations
that have been most frequently reported across multiple
identified macro-categories. Most of such barriers were
the opposite of abovementioned determinants of vac-
cine acceptance, i.e., belonging to an ethnic minority,
perceiving VPDs as not severe, lack of knowledge, dis-
trust of information received by government and health
authorities, and perceiving vaccines as not important/
useful. Similarly, the role of HCWs was also highlighted
by barriers such as lack of recommendation by HCWs
(Figure 2) and receiving recommendations against the
vaccination (also by healthcare professionals) (3 CAP
reviews, 2 on HPV and 1 on pediatric vaccines). Al-
though they were reported in only one macro-catego-
ry, other variables that were quite the opposite of the
aforementioned determinants were noted as barriers:
having a low education level (4 PW reviews, 3 on CO-
VID-19 and 1 on flu) or parents’ low education level
(4 CAP reviews, 1 on COVID-19, 2 on HPV and 1 on
pediatric vaccines), female gender (6 GP reviews, 4 on
COVID-19 and 2 on flu), socioeconomic barriers such
as low income and living in poor areas (9 GP reviews, 5
on COVID-19, 2 on flu, 1 on Severe Acute Respiratory
Syndrome, Influenza A/HIN1, Middle East Respirato-
ry Syndrome, Ebola Virus Disease, and COVID-19, and
1 on vaccines in general), being against mandatory vac-
cination policies (2 CAP reviews on COVID-19) and
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CAP review (n=29) PW review (n=11) HCW review (n=12)

GP review (n=36)

Type of vaccine (n) Type of vaccine (n) Type of vaccine (n)

Type of vaccine (n)

CONTEXTUAL INFLUENCES

Religious beliefs

HPV (2) MMR (1) - -

COVID-19 (1)

Being immigrant/ethnic minority

HPV (1)
Adolescent vaccines (1)

COVID-19 (5) Flu (1)

vaccinations

Lack of knowledge or lack of
information

Flu (1) Pediatric vaccines
(1)

Distrust of information received by
government and health authorities

HPV (1) MMR (1) Pediatric vaccines (1) Vaccines (1)*

Fear of side effects

INDIVIDUAL AND GROUP
INFLUENCES
COVID-19 (2) Meningoc.
Perceiving VPDs as not severe/poor e (1) SARS, Flu A/HIN1,
risk perception hE) Al Al MERS, Ebola, and
COVID-19 (1) Vaccines (1)
Previous negative experience with HPV (1) B B Flu (1)

COVID-19 (5) SARS, Flu A/
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Figure 2

Barriers hindering vaccinations.

The figure shows the number of reviews that mention a barrier per type of vaccine. If the type is “vaccines’, it means the review refers to vaccines without
any restrictions. The color of the cells represents the percentage of reviews that mention a barrier relative to the total number of reviews in each column
category (i.e, CAP: children, adolescents, and parents; GP: general population; HCWs: healthcare workers; PW: pregnant women). The darker the color, the

higher the percentage of reviews that mention the barrier.

HPV: human papillomavirus; VPDs: vaccine-preventable diseases; Meningoc.: meningococcal disease; MERS: Middle East Respiratory Syndrome; n.m.: not

mentioned; SARS: Severe Acute Respiratory Syndrome; *HCW: considered as vaccine (review: n=8); **HCW: considered as providers (review: n=4).
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general negative attitude towards vaccinations (1 PW
review on flu), not living in an urbanized area (2 CAP
reviews, 1 on HPV and 1 on vaccines in adolescents),
parents’ age less than 30 years (1 CAP review on COV-
ID-19), being not married (2 GP reviews, 1 on flu and 1
on vaccines in general), living alone (2 CAP reviews on
flu), unhealthy behaviors such as alcohol consumption
(1 CAP review on flu), perceived good health (4 GP re-
views, 1 on COVID-19, 2 on flu and 1 on Severe Acute
Respiratory Syndrome, Influenza A/HIN1, Middle
East Respiratory Syndrome, Ebola Virus Disease, and
COVID-19). Instead, some variables described as de-
terminants in some reviews were reported as barriers in
other: working as HCW (3 PW reviews on COVID-19)
complications from other diseases or poor health (1 GP
review on COVID-19), and age, both young age (4 GP
reviews, 3 on COVID-19 and 1 on flu) and older age
(1 HCW review on vaccines in general, with HCWs as
providers).

However, additional variables were reported.

As for contextual influences, religious beliefs were re-
ported both in CAP and GP reviews (Figure 2). More-
over, relying on information found in the web/social me-
dia (3 reviews on COVID-19 and 1 review on measles,
mumps, and rubella, MMR) and disagreement between
experts on the safety of vaccines (1 review on pediatric
vaccines) were described in CAP reviews. Not having
a regular source of care was reported in 1 GP review
on flu.

Considering individual and group influences, previ-
ous negative experience with vaccinations, fear of side
effects, perceiving vaccines as unsafe/harmful, think-
ing that children are too young/preferring to wait when
children are older, preference for natural immunity,
perceiving vaccines as not effective, too busy sched-
ule, and unemployment were reported across multiple
macro-categories (Figure 2). In addition, other variables
were reported in only one macro-area: having never
experienced VPD (2 GP reviews on flu), false beliefs
about vaccines (6 GP reviews, 4 on COVID-19 and 2
on flu), parental concerns about children sexual activity
(1 CAP review on HPV), fear of harming the fetus (2
PW reviews, 1 on pregnancy vaccinations and 1 on flu),
perceiving that vaccines are too many (1 CAP review
on HPV), anxiety status (3 PW reviews on COVID-19),
having had previous pregnancies (4 PW reviews, 2 on
COVID-19 and 2 on flu) and being pregnant (3 PW
reviews on COVID-19), and living with children (1
GP review on vaccines in general). Regarding HCW as
providers 1 review on vaccines in general highlighted
practicing alternative medicine as a barrier. When con-
sidering HCWs as vaccinees, another general review
reported the perception that vaccination should be an
autonomous decision.

Lastly, physical barriers to vaccination (e.g., costs)
were considered as additional variables related to vac-
cine and vaccination-specific issue reported both in
CAP and GP reviews (Figure 2). Focusing on variables
presented only in one macro-area, there were: fear of
injection (2 CAP reviews on HPV) and administrative
errors (1 CAP review on pediatric vaccines). Specific
barriers were related to HCW as providers: being un-

comfortable administering more injections during the
same consultation (1 review on pediatric vaccines), lack
of guidelines/clear official recommendations (3 reviews:
1 pediatric vaccines, 1 vaccines in general, 1 flu; 1 re-
view on flu also considering HCW as vaccinees), lack
of training (3 reviews: 1 flu, 1 pediatric vaccines, and 1
vaccines in general), having a role less involved in vac-
cination (1 review on pediatric vaccines), and workload
and organizational issues (3 reviews: 1 pediatric vac-
cines, 1 vaccines in general, 1 flu).

The Supplementary material available online (Table S1
and Table S2) shows further details considering each re-
view.

Interventions

A total of 15 CAP reviews considered interventions
aimed at improving vaccinations intentions or rates.
Most of them were on HPV (n=7) or about pediatric or
adolescents’ vaccines in general (n=6). Only one review
specifically focused on pertussis and one on MMR.
Considering PW, 2 reviews reported interventions, one
on pertussis and one on flu and pertussis. As for GP
reviews (n=15), most works were about vaccines with
no particular restrictions (n=10), 3 on flu, 1 on CO-
VID-19, and 1 on HPV. Last, 4 HCW reviews contain-
ing interventions were about HBV, measles, rubella,
varicella and flu (n=1), flu (n=1), respiratory diseases
(n=1), and vaccines in general (n=1).

Seven areas of interventions have been identified.
Figure 3 shows the interventions that have been most
frequently reported across multiple macro-categories.

The most discussed intervention across all reviews in-
volved the provision of educational materials and cam-
paigns targeting populations (17 reviews). The distri-
bution of printed materials, such as leaflets, and social
media educational campaigns were the most frequently
mentioned interventions, with conflicting results for
both (Figure 3). Additionally, one CAP review on MMR
reported positive results for in-person educational cam-
paigns, while a CAP review on HPV highlighted the
effectiveness of television and magazine communica-
tion campaigns. One GP review (vaccines in general)
showed non-significant results for mailed educational
programs.

A total of 12 reviews mentioned interventions based
on active invitations and reminders for the population.
Reminders via phone, text, or email were the most cited
across all macro-categories and consistently yielded
significant results (Figure 3). Similarly, nurses’ calls to
parents showed positive results in a CAP review on ado-
lescent vaccines. Letters and postcards were effective
in 4 GP reviews (2 on vaccines in general, 2 on flu),
while reminder postcards for motivating the elderly did
not show significant results (1 GP review on vaccines
in general). Active invitations with significant results
included invitation letters in one CAP review on HPV
and telephone appointments in 2 GP reviews (1 on flu
and 1 on vaccines in general).

Twelve reviews discussed organizational changes.
The most frequently mentioned interventions across
macro-categories were increased involvement of gen-
eral practitioners (e.g., in patient management or com-
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Intervention CAP review (n=15)

PW review (n=2) HCW review (n=4) GP review (n=15)

Type of vaccine (n)

Type of vaccine (n)

Type of vaccine (n) Type of vaccine (n)
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Flu/pertussis (1)- = _
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M+
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population vaccines (1)+ Pediatric vaccines
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(1)-

Vaccines (1)-

Communication tools and engagement
of HCWs

Pertussis (1)+ Vaccines (1)+

Training sessions and materials for HCW -

_ Respiratory diseases Flu (1)+
M+

Reminders and feedback for HCW
(e.g., periodic messages and coverage
updates)

Pediatric vaccines (1)+

Respiratory diseases
(1+
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[ ]

Figure 3

Interventions to reduce vaccine hesitancy and/or increase vaccine uptake.

The figure shows the number of reviews that mention an intervention per type of vaccine. If the type is “vaccines’, it means the review refers to vaccines
without any restrictions. The color of the cells represents the percentage of reviews that mention an intervention relative to the total number of reviews in
each column category (i.e., CAP: children, adolescents, and parents; GP: general population; HCWs: healthcare workers; PW: pregnant women). The darker
the color, the higher the percentage of reviews that mention the intervention. When a plus sign (+) is present, it indicates a significant improvement in
outcomes according to the review; a minus sign (-) means no significant results or conflicting findings.

HPV: human papillomavirus; MMR: measles, mumps, and rubella; n.m.: not mentioned.

munication), community pharmacy programs, and opt-
out approaches (Figure 3). However, except for general
practitioner involvement, most interventions did not
show significant improvements. Other reviews reported
effective interventions that included promoting and ad-
ministering vaccines for newborn parents in maternity
wards (1 CAP review on pertussis), midwives providing
vaccines (1 PW review on flu and pertussis), offering
free vaccines at the workplace (1 HCW review on flu),
providing free vaccinations (3 GP reviews on vaccines
in general and flu), and facilitating easier access to vac-
cinations (1 GP review on HPV).

Seven reviews (only CAP reviews) mentioned school-
based interventions, primarily focusing on school-based
educational programs (7 reviews, with 4 on HPV and
3 on pediatric and adolescent vaccines). Additionally,
2 reviews (1 on HPV and 1 on pediatric vaccines) in-
volved school nurses, and 1 review on pediatric vaccines
described vaccine administration in schools. All these
interventions were reported as effective.

Six reviews addressed digital interventions. Three
CAP reviews showed positive results with computer-
and web-based tailored interventions (2 on HPV) and
mobile apps for vaccination promotion and reminders
(1 on pediatric vaccines). However, three other re-
views reported non-significant results for websites us-

ing storytelling (1 CAP review on pediatric vaccines),
web-based interventions with virtual assistants (1 GP
review on vaccines in general), and digital game-based
interactive simulations (1 GP review on vaccines in
general).

Six reviews reported interventions specific for HCWs.
Communication tools and engagement of HCWs,
training sessions and materials for HCWs, and remind-
er and feedback (e.g., periodic messages and coverage
updates) for HCWs were mentioned across multiple
macro-categories (Figure 3), all showing significant
positive results. Programs that involved the training of
leaders (2 HCW reviews, 1 on flu and 1 on respiratory
diseases) and the implementation of policies emphasiz-
ing staff vaccinations (1 HCW review on flu) reported
as well good results. One HCW review on respiratory
disease vaccines revealed that reminders based on so-
cial norms were not effective. Additionally, 1 HCW
review reported successful multifaceted interventions
based on education, active promotion, and easy access
to influenza vaccination.

Five reviews described financial incentives. Financial
incentives for general practice were reported across
multiple macro-categories (Figure 3), showing conflict-
ing results. Financial incentives for the population were
addressed in three CAP reviews: 2 reviews (1 on HPV
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and 1 on adolescent vaccines) showed positive results
and 1 review on HPV reported non-significant results.

The Supplementary material available online (Table S1
and Table S2) shows further details considering each re-
view.

Risk of bias

Details of the AMSTAR 2 evaluation for each review
are reported in Supplementary material available online
(Table S3). Overall, the most frequent issues were com-
mon across the reviews with the different targets popu-
lations: lack of a clear and complete explanation about
the reasons of the selection of study designs (CAP:
n=26; PW: n=5; HCW: n=11; GP: n=34); lack of a com-
plete list of excluded studies with reasons (CAP: n=26;
PW: n=10; HCW: n=10; GP: n=30); lack of reporting
about funding of the included studies (CAP: n=21; PW:
n=9; HCW: n=11; GP: n=23); lack of an interpretation
of risk of bias assessment in the discussion (CAP: n=21;
PW: n=7; HCW: n=8; GP: n=27).

DISCUSSION

The aim of this overview was to describe potential
determinants of vaccine hesitancy that should be con-
sidered in both research and clinical practice in Europe
and explore potential interventions.

First, the distribution of reviews showed that CAP
and GP received the most attention, likely because they
are the largest population groups. Their importance in
public health vaccination strategies also makes them a
key focus. The publication peak in 2020-2021 reflected
the possible dual impact of the COVID-19 pandemic:
it increased research specifically on COVID-19 vac-
cines while also intensifying the broader public debate
around vaccinations [13]. Among specific vaccines,
those against HPV, COVID-19, and influenza received
the most attention. This emphasis highlighted their sig-
nificance in public health priorities. While COVID-19
naturally gained substantial attention due to the timing
of the overview, the focus on HPV and influenza vac-
cines may stem from the fact that their coverage rates
in Europe [14] remain well below the established tar-
gets [15, 16], necessitating an in-depth understanding
of underlying reasons and possible strategies.

While observational studies dominated research on
determinants and barriers, the limited inclusion of
RCTs in intervention-focused reviews highlighted a
significant evidence gap, restricting the possibility to
plan effective strategies to enhance vaccine uptake.
The HCW category exhibited the highest percentage
of RCTs, likely due to the relative ease of conducting
such studies among healthcare professionals. However,
the scarcity of RCTs in vaccine research may also re-
flect broader challenges, including complex regulatory
and ethical systems, patient recruitment difficulties,
insufficient funding, and limited access to skilled staff
and infrastructure [17, 18]. Addressing these barriers
is essential to enable more robust trials and advance
evidence-based approaches.

Considering determinants and barriers, one key find-
ing is the consistent influence of contextual determi-
nants, particularly education level and socioeconomic

status on vaccine acceptance. These factors appeared
across various macro-categories, suggesting their broad
utility as predictors of vaccination behavior. A high level
of education, whether that of the individual or their par-
ents, emerged as a significant determinant in most re-
views. Socioeconomic status also reflected the ongoing
disparities in vaccine uptake. This finding highlighted
the ongoing need for more targeted interventions to
overcome these barriers. Interestingly, Sacre et al. sug-
gested that key mechanisms linking socioeconomic
status to vaccine uptake include knowledge (access to
or understanding of information) and confidence (in
vaccines or decision-making) [19]. Social and political
contexts are also commonly cited as influencing vaccine
acceptance. For instance, for certain populations, such
as HCWs and PW, support for mandatory vaccination
emerged as a positive determinant. This support may re-
flect a broader dynamic, where individuals are more will-
ing to accept stricter measures for themselves and others
when they perceive the promoted behaviors, such as vac-
cination, as highly effective in achieving health benefits
[20], highlighting the importance of clear and evidence-
based communication from policymakers to build trust
and demonstrate the impact of such measures.

Exposure to media, particularly social media, pro-
moting vaccination has emerged as a determinant of
vaccine acceptance, especially for the HPV vaccine.
This highlighted the dual role of media as both a po-
tential barrier (e.g., misinformation) and a facilitator
in promoting vaccine uptake. The growing influence of
social media in shaping public opinion highlights the
need for deeper exploration of its impact on vaccine
hesitancy. While social media provides opportunities
for wider engagement and diverse viewpoints, it also
demands literacy skills to help users to understand the
complexities of digital information and discern credible
sources effectively [21].

This overview also described how determinants and
barriers can differ across populations. For example,
parents’ decisions to vaccinate (especially regard-
ing HPV) were influenced by perceptions of the vac-
cine’s benefits, peer encouragement, and the influence
of grandparents. These factors may be key in shaping
vaccine acceptance within family dynamics. Pregnant
women showed unique vaccine hesitancy or acceptance
patterns influenced by maternal age, proximity to child-
birth, and household demographics. This highlights the
importance of tailoring strategies to address the spe-
cific social and familial contexts that shape individual
decision-making. Interestingly, while HCWs may have
greater knowledge of vaccine-preventable diseases and
vaccines due to their profession, their vaccine uptake
can still be influenced by personal experiences, at-
titudes toward health behaviors, and perceived risks.
This suggests that while HCWs are likely to be better
informed about vaccines, addressing individual health
perceptions, social influences, and emotional barri-
ers is important to improve uptake. HCWs as vaccine
providers face additional challenges, such as the per-
ceived responsibility to recommend vaccines and the
organizational constraints related to workload, lack of
clear guidelines, and insufficient training. Furthermore,
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HCWs’ personal beliefs and practices, such as alterna-
tive medicine preferences, were found to be barriers,
suggesting that providers’ attitudes may affect their vac-
cine recommendations and practices, which in turn in-
fluence vaccine uptake among the general population.
Thus, it is essential to develop targeted interventions
that address both personal attitudes and professional
responsibilities to strengthen HCW5' roles as vaccine
promoters.

An underexplored factor was health engagement,
which was found to be a relevant determinant in some
GP reviews. Individuals with higher health engagement
or those who gave up smoking appeared more likely to
accept vaccines, in line with broader behavioral mod-
els that link health literacy and proactive health behav-
iors. This is consistent with findings from Nudelman
et al. [22], who reported that higher engagement in
healthy lifestyle behaviors prior to the pandemic cor-
related significantly with greater adherence to coro-
navirus protective measures. Similarly, the framework
of Multiple Health Behavior Change [23] suggests
that health behaviors are interrelated, with perceived
health status mediating their impact on overall health
outcomes. However, the relationship between health
engagement and vaccine hesitancy remains relatively
unexplored in the existing literature and warrants fur-
ther investigation. Unhealthy behaviors, such as alco-
hol consumption, noted as barriers in some studies, fur-
ther highlighted the complexity of these relationships.
Havigerova [24] found that health behaviors, including
nutrition, substance use, and physical activity, may be
influenced by multiple factors like attitudes and eco-
nomic status, rather than a single latent factor. Under-
standing how these behaviors interact and influence
vaccine hesitancy could provide essential information.

Interestingly, some variables were reported as both
determinants and barriers depending on the study. For
example, being an HCW was identified as both a posi-
tive determinant in some populations and a barrier in
others. This contradictory finding could reflect the com-
plexity of HCWs’ attitudes toward vaccination, where
professional responsibilities might promote a sense of
duty to vaccinate, while personal experiences, such as
burnout or lack of institutional support, may contrib-
ute to vaccine hesitancy. These mixed results highlight
the need for nuanced strategies to address vaccine hesi-
tancy in healthcare professionals. Further contrasting
variables include age, which was a determinant in some
reviews (particularly among younger populations) but
a barrier in others. Similarly, complications from other
diseases or poor health were identified as barriers in
some studies, particularly regarding COVID-19 vac-
cines for GP reviews. These contrasting results indicate
the complexity of vaccine hesitancy, whereby the same
variables may act as determinants or barriers depending
on contextual, population-specific, and vaccine-related
factors, underscoring the need for tailored approaches
that consider the specific circumstances of different
groups.

Considering interventions, one of the most com-
mon strategies identified across multiple macro-cate-
gories was the provision of educational materials and

campaigns. Although widely implemented, the results
were inconsistent. Printed materials and social media
campaigns were often mentioned, but their effective-
ness varied across reviews. For instance, while in-person
educational campaigns for MMR and television-based
campaigns for HPV were deemed successful in some
CAP reviews, other types of campaigns, such as mailed
educational materials in GP reviews, showed no signifi-
cant impact. This variability aligns with findings from
Zhao et al. [25], who highlight that health communica-
tion campaigns often have modest effects on behavior
change. The heterogeneous effectiveness of educational
interventions may partly reflect differences in delivery
modalities. Passive approaches, such as mailed materi-
als, were more often associated with no effects, whereas
more interactive strategies, including in-person cam-
paigns, appeared more likely to be effective. This sug-
gests that information provision alone may be insuffi-
cient to address vaccine hesitancy. Despite this, even
small impacts can lead to substantial public health
benefits at the population level. Furthermore, the effec-
tiveness of campaigns is highly context-dependent, with
stronger results reported in areas like road safety or to-
bacco control compared to sexual health or mammog-
raphy [25]. These findings suggest that the impact of
educational campaigns targeting vaccinations warrants
further exploration, particularly in relation to specific
contexts and delivery modalities. When it comes to so-
cial media campaigns, the challenges in evaluating their
effectiveness become even more pronounced. In social
media campaigns, evaluating effectiveness is more com-
plex, with many studies unable to determine whether
objectives were met [26]. Engagement has become a
central metric for success; however, not all engagement
is beneficial, as negative engagement, such as misinfor-
mation, remains a challenge [26]. This is in line with the
earlier observation that media, especially social media,
can act as both a facilitator and a barrier in promoting
vaccine uptake, suggesting that improving digital liter-
acy and critical engagement with online content could
be essential components in improving the effectiveness
of social media-based interventions.

Active reminders, including phone calls, text messag-
es, and emails, emerged as one of the most consistently
effective interventions across all groups. These findings
showed the importance of proactive communication
and the role of personalized, direct engagement with
individuals. Overall, the consistent effectiveness of ac-
tive reminders across multiple populations and settings
highlights their potential as scalable, low-cost interven-
tions that can be readily integrated into routine vaccina-
tion programs. However, while reminders were gener-
ally effective, reminder postcards for elderly individuals
in GP reviews did not show significant results, indicat-
ing that targeted approaches based on the population’s
specific needs are crucial. Given these insights, it would
be worth to compare different reminder methods in
more robust studies, as seen in other prevention areas
[27] and emerging research on vaccination interven-
tions [28].

Organizational changes emerged as a common theme
in the interventions, particularly across the GP and
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HCW categories. Among these, the increased involve-
ment of general practitioners in patient management
and communication was one of the most frequently
cited interventions, consistently showing positive re-
sults. While organizational changes can be beneficial,
their success may depend on how they are integrated
into existing healthcare infrastructures and whether
they address the specific needs of the population being
targeted. For example, offering free vaccinations in ma-
ternity wards and workplaces showed promising results
in some reviews, highlighting the importance of making
vaccines easily accessible within familiar settings. How-
ever, other organizational changes, such as community
pharmacy programs and opt-out approaches, did not
always lead to significant improvements. Interestingly,
opt-out approaches generally increased participation in
other contexts, e.g., in colorectal cancer screening [29]
and HIV testing [30]. However, challenges arise when
communication is unclear, as shown by resistance to
opt-out flu vaccination policies in the English National
Health Service [31]. Therefore, an effective implemen-
tation may require clear communication and engage-
ment with the target population. Overall, approaches
building on existing healthcare structures, such as
greater involvement of general practitioners, may ap-
pear more broadly transferable, whereas setting-specif-
ic strategies (e.g., workplace- or maternity ward-based
vaccination and opt-out policies) may be more context-
sensitive and dependent on local organizational and
communication conditions. Accordingly, organizational
interventions should be interpreted in light of their im-
plementation context, with transferable strategies being
more suitable for large-scale programs and context-sen-
sitive approaches requiring local adaptation.

School-based interventions were found to be con-
sistently effective in CAP reviews. This reinforces the
value of using schools as settings for vaccination cam-
paigns, particularly in reaching adolescents and young
children. As noted in previous research, schools provide
one of the most accessible avenues for implementing
health promotion and preventive measures for school-
aged children [32], emphasizing their important role
not only in vaccination initiatives but also in advancing
comprehensive public health efforts for younger popu-
lations.

The effectiveness of digital interventions was more
variable. While some CAP reviews found positive re-
sults with web-based tailored interventions and mobile
apps, other digital strategies, such as storytelling web-
sites or game-based simulations in GP reviews, showed
no significant impact. These mixed results suggest that
while digital tools hold promise, their success may de-
pend on various factors that require further examina-
tion. Jakob et al. [33] highlighted that adherence to
tools such as mobile apps may depend on factors like
personalization, ease of use, and addressing barriers
such as low technical competence and privacy con-
cerns, which should be addressed in the development
of such interventions. These findings further indicate
that usability, personalization, and users’ digital literacy
should be clearly reported and systematically evaluated
in future studies, as they are likely key determinants of

the effectiveness of digital vaccination interventions.

In terms of interventions specific to HCWs, com-
munication tools, training, and feedback mechanisms
consistently yielded positive results. Training healthcare
leaders and implementing policies emphasizing staff
vaccinations were also shown to be effective. These
findings highlight the importance of engaging HCWs
in vaccination promotion and ensuring they are well-
equipped with the necessary information and resources.
Complementing these results, our other work within
the VAX-TRUST project, a systematic review aimed at
identifying interventions targeted at HCWs, with few
categories of interventions showing consistently posi-
tive findings. Nevertheless, it highlighted that newer
strategies, such as apps, gaming, and simulations, could
offer promising avenues to support HCWs [7]. Thus,
while digital interventions could represent an innovative
approach, the mixed results in both our works suggest
that the characteristics of successful interventions need
further exploration.

Last, financial incentives demonstrated mixed re-
sults. While some CAP reviews, particularly on HPV
and adolescent vaccines, showed positive impacts of
financial incentives, others reported non-significant
results. Similarly, financial incentives aimed at general
practices showed conflicting outcomes. According to
Miranda et al. [34], it is worth noting that many studies
on incentives fail to report details such as the rationale,
magnitude, and design of incentive strategies. Address-
ing these aspects could help refine financial incentives
and improve their effectiveness in promoting healthy
behaviors.

This work had several limitations that should be
acknowledged. The overview was constrained by the
specific needs of the VAX-TRUST project, posing
time and geographical restrictions. Search windows
varied across the included systematic reviews, which
may have affected comparability of findings. This is
particularly relevant given that vaccine hesitancy is a
complex and dynamic phenomenon that evolves over
time and across contexts [11]. Determinants and barri-
ers identified in this overview are based predominantly
on observational evidence; therefore, causal relation-
ships cannot be inferred and residual confounding
cannot be excluded. Determinants and barriers were
reported as framed in the included systematic reviews,
with some reviews describing factors associated with
vaccine acceptance and others reporting opposite char-
acteristics as barriers. This overview cannot determine
whether these reflect symmetric or distinct underlying
mechanisms. The reliance on systematic reviews as the
primary unit of analysis may have introduced biases re-
lated to the quality and scope of the included reviews.
A further limitation relates to the extraction of Europe-
specific evidence from global systematic reviews. When
European results were not explicitly reported, primary
studies conducted in European countries were identi-
fied and synthesized based on their reported setting.
While this approach enabled the inclusion of relevant
European evidence, it depends on the quality of re-
porting in the original reviews and primary studies and
may have introduced selection bias or incompletely
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captured contextual heterogeneity across Europe. The
quality of the included reviews posed challenges. Com-
mon issues across the reviews included insufficient
explanation of the reasons for selecting study designs,
incomplete reporting of excluded studies with reasons,
lack of transparency regarding funding sources, and
inadequate interpretation of the risk of bias assess-
ments. Therefore, while the overview provides valu-
able insights, it must be interpreted with these quality
concerns in mind. In addition, the exclusion of exclu-
sively qualitative systematic reviews may have resulted
in the loss of rich contextual and experiential insights
into vaccine hesitancy Last, the binary classification of
intervention effectiveness as “significant” versus “non-
significant or conflicting” was adopted to enable syn-
thesis across highly heterogeneous systematic reviews;
however, this necessary simplification may not fully
capture variations in effect size, outcome relevance,
and contextual factors, and the findings should there-
fore be interpreted with caution.

CONCLUSIONS

This overview highlights vaccine hesitancy as a mul-
tifaceted, dynamic, and context-dependent phenom-
enon, characterized by the coexistence of determinants
and barriers that may vary across populations, vaccines,
and settings, underscoring the need for tailored, evi-
dence-based strategies.

Key gaps, including the limited use of RCTs, hinder
the development of effective interventions. Among the
most novel and underexplored determinants, health
engagement is reported as a relevant factor, reflecting
the need for a holistic approach that integrates broader
health behaviors. Similarly, social media’s dual role as
both a facilitator and a barrier emerged with its growing
influence, requiring deeper investigation and targeted
strategies to improve its impact. Our findings suggest
prioritizing interventions with more consistent effec-
tiveness and higher scalability, such as active reminders,
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Abstract

Key words

Objectives. To present the strategy developed by the Local Health Authority AULSS6,
Padua Province, Italy, for implementing artificial intelligence (Al) in healthcare systems. | ® implementation strategy
Methods. Between December 2024 and December 2025, a series of structured meet- | © local health authority
ings of a multidisciplinary Steering Committee were conducted. Ideas, priorities and | ® governance

initiatives were systematically collected, categorized, and refined through consensus. * cthics

Results. The strategy produced several outcomes: an Al ethics and readiness checklist | ¢ health service research
ensuring compliance with the EU Al Act, GDPR, (EU General Data Protection Regula-

tion) and cybersecurity requirements; multi-level education programs for staff; system-

atic technology evaluation guidelines and HTA (Health Technology Assessment) evalua-

tion studies planning; active participation in projects on Al for public health and clinical

outcomes prediction and resource optimization; communication strategies designed to

enhance transparency and trust. Collectively, these initiatives enabled AULSS6 to build

institutional capacity for responsible Al adoption at the local level.

Conclusions. AULSS6 shows that local health authorities can lead responsible Al im-

plementation in healthcare. Its multidimensional approach close to the population offers

a replicable, scalable model for health systems across Italy and Europe, advancing digital

e artificial intelligence

transformation through a bottom-up strategy close to the communities served.

INTRODUCTION

Artificial intelligence (Al) is revolutionizing health-
care, bringing forward a transformative era across di-
agnostics, therapeutics, prevention and organization.
Recent scientific literature illustrates how Al tools are
enhancing clinical accuracy, optimizing workflows, and
reducing administrative load [1]. Al-powered algo-
rithms are now demonstrating high accuracy in multiple
medical tasks. A 2023 umbrella review reported that Al
systems for cancer imaging achieve strong diagnostic
metrics. In breast imaging specifically, deep-learning
tools improve detection rates, reduce false positives,
and lighten radiologist workloads [2]. Public health and
primary care also benefit greatly from this revolution
[3, 4]. While much of Al's success centers on single-
use-case applications (e.g., image analysis or chatbot

assistants), the bigger challenge lies in embedding Al
within population health systems, those that manage
entire community health, chronic diseases, and service
networks. Addressing this requires robust population-
level strategies: comprehensive data infrastructures, in-
teroperability, equitable algorithm design, governance
frameworks, stakeholder engagement, and outcome-
driven evaluation. Population health implementation
must ensure Al tools are interoperable across primary,
secondary, and social care platforms, calibrated for di-
verse socioeconomic, age, and ethnic groups, aligned
with policy standards and voted dedicated to real-world
application [5].

The current landscape of advanced healthcare tech-
nology is characterized by a significant gap between
high-level scientific findings and standardized practical
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implementation. While literature demonstrates numer-
ous cutting-edge experiences, these are typically isolat-
ed, existing as single-institution pilot studies or research
trials with limited, non-diverse datasets. This restriction
may compromise their generalizability and robustness
when applied to new settings, a phenomenon supported
by scientific evidence indicating potential performance
drop-offs during external validation [6].

Comprehensive frameworks, spanning from ethics
regulation (EU and Italian regulations) to implementa-
tion science (RE-AIM) [7] have been extensively de-
veloped to provide a structured, repeatable blueprint
for responsible scaling. However, the practical imple-
mentation of these frameworks at the healthcare system
level remains scarce. This scarcity is principally due to
systemic barriers, the main ones including organiza-
tional and cultural inertia within risk-averse healthcare
systems, the high cost and complexity of achieving
interoperability across fragmented IT infrastructures
(EHRSs), and the challenge of establishing sustainable
standardized reimbursement models, which prevents
hospitals from establishing a clear, sustainable return
on investment (ROI) [8, 9].

It is in this context that the Azienda ULSS 6 Euganea
(AULSS6) Local Health Authority of the Padua Prov-
ince has launched a comprehensive strategy to integrate
Al within its healthcare and administrative systems ac-
cording to the following dimensions: Governance, Ethi-
cal and Regulatory Assessment, Education, Technol-
ogy Evaluation, Healthcare Organization and Public
Health, Research, and Communication.

METHODS

The aim of this study was to perform a narrative ac-
count of an institutional initiative for Al multilevel
implementation strategy at AULSS6. A series of struc-
tured meetings of a multidisciplinary Steering Com-
mittee were conducted between December 2024 and
December 2025. Ideas, priorities and initiatives were
systematically collected, categorized, and refined
through consensus. The output of the analysis was de-
scriptively reported.

RESULTS

With regards to Governance, the first move was the
establishment, in November 2024 [10] of a multidisci-
plinary Al Steering Committee mandated with govern-
ing Al implementation in AULSS6, meeting monthly,
composed by: Director General, Administrative Direc-
tor, Innovation and Organizational Development Di-
rector, Information and Communication Technology
Director, Data Protection Officer, Department of Hos-
pital Management Director, Department of Prevention
Director, Department of Primary and Community Care
Director, General Affairs Director, Anti-corruption Di-
rector, Clinical Engineering Director and Al scientific
expert.

Considering how The EU Al Act [11] classifies
healthcare Al as “high-risk”, mandating rigorous com-
pliance with risk management, data quality, transpar-
ency, human oversight, and cybersecurity standards is
necessary. The Steering Committee’s dedicated staff

and the Data Protection Officer has provided an or-
ganizational Al Ethics and Readiness Checklist. Main
principles that are required to be upheld are: GDPR
compliance i.e., ensuring all data processing activities,
particularly the use of sensitive patient data for Al train-
ing, strictly adhere to the principles of data minimiza-
tion, purpose limitation, and lawful basis for processing,
alongside robust data subject rights management; data
quality, i.e., guaranteeing that training, validation, and
testing datasets are representative, accurate, and free
from bias to prevent discriminatory outcomes; transpar-
ency and explainability i.e., requiring clear documenta-
tion of how Al models function and the rationale be-
hind their outputs, implementing proactive strategies
to identify and mitigate algorithmic bias and enhance
explainability (e.g., SHAP or LIME methodologies) to
end-users and patients; i.e., human oversight, ensur-
ing that autonomous decision-making remains subject
to appropriate human intervention and validation; cy-
bersecurity resilience, i.e., protecting sensitive health
data and the Al infrastructure from attacks; human-in-
the-loop (HITL) approach: mandating clearly defined
protocols for human review, validation, and override
of Al outputs, particularly for critical healthcare tasks,
transforming the clinician’s role into one of augmented
decision-maker.

This last principle is highly emphasized by the
AULSS6 strategy. Under this model, every decision
is Al-supported, but the Al is never intended as a
substitute for humans. The final decision-makers are
always healthcare professionals, and their decision is
considered a healthcare act with related responsibil-
ity. Professionals, however, never act alone, but always
inside a framework of clear policies and regulations
provided by the governance. Their daily duties are, in
fact, included within a comprehensive care process,
never resulting in automated or fragmented services
but always upholding the importance of each health-
care-related act (e.g., diagnostic, therapeutic, etc.). Al
implementation within complex clinical environments
poses significant practical and organizational chal-
lenges that extend far beyond technical integration.
A primary concern may be alert, where multiple Al
warnings could cause clinicians to ignore truly criti-
cal alerts, fatigue and the risk of de-skilling, with over-
reliance on accurate predictions (automation bias) po-
tentially eroding fundamental professional capabilities
and judgment. Moreover, the introduction of Al may
complicate the handling of accountability and liabil-
ity among the different actors of the process, namely
technology providers, management, and end-users.
Therefore, upholding the HITL principle requires not
just technical integration but a fundamental coordi-
nated rethinking of clinical workflows, training, and
risk management procedures.

In the domain of education, the Steering Committee
developed a comprehensive training strategy to build
awareness, skills, a shared vision and ethical culture
around Al in healthcare. This included the creation of
multiple targeted courses and dissemination events: a
foundational course on Al and LLMs (large language
models) for healthcare and administrative profession-
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als (hosted in collaboration with the Italian Society for
Artificial Intelligence in Medicine (Societa Italiana In-
telligenza Artificiale in Medicina, SIIAM), a specialized
program focused on ethics and regulatory frameworks
tailored for the Scientific Committee, a regional-level
Congress dedicated to Al implementation for hospital
management, and also dissemination of free institutional
learning materials. To enhance practical understanding
and foster innovation, site visits to leading Al develop-
ment centers were organized, offering hands-on expo-
sure to real-world applications. This education providers
will also help guide the Al implementation process at
various level of the AULSS6 organization. Additionally,
the results of scientific research were presented in dedi-
cated sessions of scientific international conferences to
broaden knowledge dissemination and stimulate inter-
disciplinary dialogue across the healthcare community.

In the area of technology evaluation, AULSS6 is
working on producing a dedicated checklist to enable
a thorough assessment of Al-based technologies to be
adopted, ensuring their compliance with current regu-
latory standards and the production of appropriate
documentation, e.g., FRIA (fundamental rights impact
assessment), which systematically evaluates the po-
tential impact of the Al system on users’ and patients’
fundamental rights (e.g., non-discrimination, priva-
cy) [11]. AULSS6 developed and disseminated clear
guidelines to support systematic technology evaluation
across the organization. Additionally, AULSS6 is scan-
ning internal promising technologies as candidates for
Health Technology Assessment (HTA) pilot studies,
applying structured dedicated frameworks [12]. This
involves applying structured, dedicated frameworks
to assess the clinical effectiveness, cost-effectiveness,
organizational impact, and ethical implications of a
technology for future widespread adoption. These ef-
forts aim to promote evidence-based decision-making,
enhance the value of technological investments, and
ensure that innovation aligns with clinical needs and
regulatory requirements.

Regarding public health and healthcare service or-
ganization, multiple tools are present in literature
addressing problems like: staffing optimization i.e.,
utilizing predictive modelling to forecast patient
load and allocate clinical and administrative staff ef-
ficiently; hospital length-of-stay control i.e., employ-
ing algorithms to identify patients at risk of prolonged
stays, allowing for targeted intervention and care path
modification; emergency room overcrowding preven-
tion i.e., implementing real-time predictive models to
forecast ER bottlenecks and manage patient flow pro-
actively [1, 13, 14]. The same is true for public health
interventions: early disease detection i.e., leveraging
Al for rapid analysis of complex data (e.g., genomic,
imaging, or surveillance data) to identify early signs of
disease, such as infectious disease outbreaks or chron-
ic conditions [15]; cancer screening programs i.e., ap-
plying Al to enhance the efficiency and accuracy of
image analysis in screening programs, improving de-
tection rates and reducing false positives [4]. These so-
lutions are being thoroughly evaluated at AULSS6 and
selected for potential future implementation, always

ensuring an ethical approach and upholding quality
and safety issues.

With regards to scientific research, AULSS6 actively
participated in funded research calls, engaging in di-
verse set of projects addressing critical areas of innova-
tion, from infectious disease outbreak early detection
i.e., utilizing advanced algorithms for the early identifi-
cation and prediction of infectious disease spread pat-
terns, to clinical outcomes prediction, i.e., developing
sophisticated algorithms for early prediction of critical
outcomes in complex environments like Intensive Care
Units (ICUs), enabling timely interventions. To sup-
port and streamline these efforts, AULSS6 established
a standardized submission process to efficiently receive
and evaluate research proposals. This efficient, integrat-
ed approach ensures the effective receipt, rigorous ethi-
cal and scientific evaluation, and enhanced potential for
successful financing and execution of research propos-
als. This integrated approach not only fosters scientific
collaboration with academic and industry partners but
also accelerates the translation of research into practi-
cal real-world solutions that enhance patient outcomes
and strengthen our healthcare system's preparedness
and response capabilities.

Recognizing that the successful adoption of Al de-
pends not only on technical and regulatory readiness
but also on public understanding and healthcare pro-
fessionals’ engagement, AULSS6 dedicated specific
resources to strategic communication. Targeted in-
ternal and external communication is being gradually
established, in order to accompany the rollout of Al
initiatives, addressing the specific concerns and in-
formation needs of different stakeholder groups. The
dual goals of transparency and trust are maintained:
the communication efforts are designed to ensure full
transparency regarding the function, limitations, and
impact of deployed Al systems, while actively work-
ing to enhance trust. Three core recipient groups are
identified: healthcare and administrative professionals,
by clarifying the Al's role as a supportive tool rather
than a replacement, focusing on clinical practice aug-
mentation rather than substitution; patients, by provid-
ing accessible information on how their data is used
and how Al impacts their care decisions; institutional
stakeholders, by demonstrating compliance, ethical
diligence, and the strategic value of the Al investment.
This integrated communication effort is crucial for fos-
tering a culture of responsible innovation and ensuring
participatory governance, which are essential for the
long-term, ethical, and successful integration of Al into
healthcare delivery.

CONCLUSIONS

What makes the AULSSG6 initiative particularly no-
table is that the project emerges from a local health au-
thority in direct contact with the community level and
stakeholders and directly responsible for delivering care
to about one million residents of the Veneto region. By
designing a comprehensive, compliant, and ethically
grounded strategy for Al adoption, AULSS6 is dem-
onstrating that innovation in Al can and must happen
also at the local level, close to the citizens it ultimately

89




90

Carlo Giordani, Marcello Di Pumpo, Fabio Senarigo et al.

serves. As such, AULSS6 further aims at providing a
replicable and scalable model for other regional health
systems across Italy and Europe, offering a powerful
signal: the digital transformation of healthcare can be
advanced with a bottom-up strategy complementing
national and regional authorities’ guidance.

Etbical approval

This study did not involve human participants, pa-
tient data, or experimental interventions. It was based
on a descriptive analysis of institutional strategy and
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FOREST THERAPY

The potential of the forest
for your health

Angela Schuh, Gisela Immich
Springer Berlin, Heidelberg;
2022

130 p.

ISBN 978-3-662-64279-5
32,65€

Who would have thought that forests, or rather out-
door life, preferably in unspoiled ecosystems, could
have demonstrable and “scientifically” proven effects on
our health conditions? For some time now, green, es-
pecially urban green, has become an important, almost
priority-level, issue for public health in metropolitan ar-
eas in various parts of the world [1].

It is well known that when hospitalized patients are
exposed to the green color, but also to blue, (with win-
dows overlooking green areas), such a visual immersion
exerts an accelerating effect on recovery performances
and times [2, 3]. With regard to pediatric emergency fa-
cilities it has been reported that, irrespective of country,
community or genetic background, striking similarities
in children’s spontaneous preferences regarding hospi-
tal care seem to consistently emerge [4].

This book is written by two basic-research authors
who have been carrying out for some time intensive
research into the therapeutic effects of forest exposure
and climate conditions at Ludwig Maximilian Univer-
sity in Munich, promoting concepts related to the pre-
ventive use of forest exposure and forest therapy itself.

Obviously, air temperature, humidity, rainfall, wind,
oxygenation, and air “cleanliness” in general are re-
viewed in the text. Gas exchange with the atmosphere
is also originally reviewed as a critical parameter. It is an
actual novelty that “quietness” is also discussed, touch-
ing on the delicate and increasingly topical subject of
the so-called “soundscape”, to which the human senses
are evolutionarily attuned, in addition to sight and the
analogous “odourscape” (here we refer to VOCs, Vola-
tile Organic Compounds, which have been extensively
studied) [5].

The effects of relief from thermal stress, understood
as protection of the particularly looming thermoregula-
tory and cardiovascular systems, are one of the most
original phenomena taken into consideration.

Similarly, the potential health effects of phytoncides,
thanks also to studies by Russian authors published
in the second half of the 1950s, represent only an ap-
parent return to the role, now once again considered
pivotal, of terpenes emitted, for example, by common
trees of the Pinaceae family, which are almost inevitable
elements in a variety of ecosystems even in urban areas
of our Mediterranean country. In particular, in a “One
Health” Third Millennium perspective, an agent such as
alpha-pinene has long been the subject of characteriza-
tion and depicted functional role.

In addition to cognitive effects, memory and atten-
tion performance, or psychiatric and/or cardiovascular
syndromes, other pathologies (from autism to ADHD
to individual pain thresholds) are all parameters influ-
enced by such a type of immersive practice. The entire
Chapter 5, a major “bone” of this small volume, focuses
on operational activities, providing a sort of guideline
on “Which forest is suitable for forest therapy” (title of
a successful paragraph).

The text highlights the technical and training require-
ments for “forest health trainers” and “forest therapists,”
emerging professionals who are clearly considered es-
sential in the authors’ scientific and clinical ecosystem.
They also usefully focus on the role of mindfulness as
an integrative therapeutic approach to forest immersion
practices. While the literature on forest therapy is grow-
ing rather rapidly, few volumes dwell on these aspects
of novel job offers.

In sum, the present one is a rather original, at times
provocative, text, which may arouse surprise, if not
a certain degree of aversion, in some sectors of con-
temporary clinical practice. The volume is particularly
recommended for young people starting a career in the
biomedical world who may be interested in approaches
that are unusual within the current educational curricu-
lum but promising given the accumulating evidence of
their beneficial effects on psychological well-being.

Gemma Calamandrei, Stella Falsini
and Enrico Alleva

Istituto Superiore di Sanita, Rome, Italy
gemma.calamadrei@iss. it
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Gilhotra R, Dhanasekaran M
(Eds).

Boca Raton: CRC Press; 2025.
294 p.

ISBN 9781032787343

Gut Microbiome and Environmental Toxicants: Impact
on Human Health is a timely and comprehensive volume
that addresses one of the most rapidly evolving areas in
biomedical and environmental health research: the role
of the gut microbiome as a key mediator of human re-
sponses to environmental toxicants. By integrating per-
spectives from toxicology, microbiology, immunology,
and clinical sciences, the editors provide a multidimen-
sional framework for understanding how environmen-
tal exposures translate into health outcomes through
microbiome-dependent mechanisms.

The book is organized into thematic chapters that ex-
amine a wide spectrum of environmental toxicants and
endocrine-disrupting compounds, including heavy met-
als, pesticides, bisphenol A, phthalates, organic pollut-
ants, and emerging contaminants such as microplastics.
Across these chapters, a central concept consistently
emerges: the gut microbiome functions as a dynamic
and metabolically active interface between environmen-
tal exposures and host physiology, significantly influ-
encing susceptibility, toxicity, and disease progression.

A major strength of the volume lies in its detailed ex-
ploration of mechanistic pathways. Several chapters focus
on the microbiome’s ability to metabolize xenobiotics
through enzymatic processes such as reduction, hydro-
lysis, and deconjugation. These microbial transforma-
tions can result in either detoxification or bioactivation
of environmental chemicals, thereby altering their tox-
icity, bioavailability, and systemic distribution. This per-
spective challenges traditional toxicological models by
positioning the microbiome as an additional metabolic
“organ” that must be considered in risk assessment.

The book provides an in-depth discussion of key
molecular signaling pathways involved in microbiome-
toxicant interactions. Notably, the aryl hydrocarbon
receptor (AhR) is highlighted as a critical signaling
node through which microbial metabolites and envi-
ronmental pollutants converge to regulate immune
homeostasis, epithelial barrier integrity, and inflamma-
tory responses. Dysregulated AhR signaling, driven by
toxicant-induced alterations in microbial metabolism of
tryptophan, is linked to chronic intestinal inflammation
and systemic immune dysfunction.

Equally important is the examination of Toll-like re-
ceptor (TLR) signaling, particularly TLR4, in mediating
inflammation associated with toxicant-induced dys-
biosis. Increased intestinal permeability resulting from
microbiome disruption facilitates the translocation of
lipopolysaccharides (LPS), activating TLR-dependent
pathways and triggering downstream signaling through
NF-kB. The sustained activation of NF-xB is shown to
promote chronic low-grade inflammation, a hallmark
of metabolic disorders, cardiovascular disease, and im-
mune-mediated conditions.

The volume also gives considerable attention to the
role of the gut microbiome in maintaining intestinal
barrier integrity. Several chapters describe how environ-
mental toxicants reduce the production of short-chain
fatty acids (SCFAs), particularly butyrate, leading to
impaired tight junction protein expression and in-
creased gut permeability. This “leaky gut” phenomenon
amplifies systemic exposure to toxicants and microbial
products, further exacerbating inflammation and oxida-
tive stress.

Of particular interest are chapters addressing neuro-
toxicity and the gut-brain axis. The editors effectively syn-
thesize evidence linking microbiome alterations caused
by heavy metals and persistent organic pollutants to
changes in neurotransmitter synthesis, neuroinflamma-
tion, and hypothalamic-pituitary-adrenal (HPA) axis
dysregulation. These mechanisms provide a compelling
biological basis for associations between environmental
exposure and neurodevelopmental, cognitive, and neu-
rodegenerative disorders.

Beyond mechanistic insights, the book explores clini-
cal and translational implications, emphasizing the gut
microbiome as a promising therapeutic target. Strate-
gies such as dietary modulation, prebiotics probiotics
and personalized microbiome-based interventions are
discussed as potential tools to mitigate toxicant-in-
duced health effects. This translational focus enhances
the practical relevance of the volume for clinicians and
public health researchers.

Overall, Gut Microbiome and Environmental Toxicants:
Impact on Human Health stands out for its scientific
depth, interdisciplinary scope, and forward-looking per-
spective. It successfully bridges experimental research
and clinical relevance, making it a valuable reference
for researchers, clinicians, toxicologists, and graduate
students. The book underscores the necessity of incor-
porating microbiome science into environmental health
risk assessment and opens new avenues for preventive
and therapeutic strategies aimed at reducing the bur-
den of environmentally driven diseases.



From a toxicological perspective, the volume high-
lights individual contaminants in depth, yet real-world
exposures are typically chronic and involve complex mixtures
of chemicals. The combined and potentially synergistic
effects of multiple toxicants on the gut microbiome
remain insufficiently characterized. This represents a
critical gap, particularly for environmental health risk
assessment, where mixture toxicity is the norm rather
than the exception.

Looking forward, the book implicitly points toward
several promising future research directions. Longitudinal
human cohort studies integrating microbiome profiling
with exposomics, metabolomics, and clinical phenotyp-
ing will be essential to establish causal relationships be-
tween environmental toxicants, microbiome alterations,
and disease outcomes. Advances in systems biology,
including multi-omics integration and machine learning
approaches, may help disentangle the complex networks
linking microbial metabolism, host signaling pathways

(such as AhR, TLR, and NF-xB), and health effects.

Furthermore, future work should prioritize the de-
velopment of standardized methodologies for microbi-
ome analysis and toxicant exposure assessment, en-
abling more robust comparisons across studies. From
a translational standpoint, controlled clinical trials are
needed to validate microbiome-targeted interventions
— such as probiotics, prebiotics, and dietary strategies
— as viable tools to mitigate toxicant-induced health
effects.

In conclusion, while the volume effectively consoli-
dates current knowledge and highlights key mechanis-
tic pathways, it also underscores the need for integra-
tive, human-centered research approaches. Addressing
these limitations will be crucial for translating microbi-
ome science into actionable strategies for environmen-
tal health protection and personalized medicine.

Renata Alleva
Universita di Bologna, Bologna, Italy
rena.alleva@gmail.com
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FOOD AND AGRICULTURE

ORGANIZATION OF THE UNITED
NATIONS (FAO)

World food and agriculture - Statistical yearbook
2025. Rome: FAO; 2025. 418 p. ISBN 978-92-5-
140174-3. The Statistical Yearbook 2025 offers a syn-
thesis of the major factors at play in the global food and
agricultural landscape. Statistics are presented in four
thematic chapters, covering the economic importance
of agricultural activities, inputs, outputs and factors of
production, their implications for food security and nu-
trition and their impacts on the environment. The digi-
tal version of the yearbook presents the data in an inter-
active way, which facilitates the visualization of figures
and tables and their reuse. The Yearbook is meant to
constitute a primary tool for policymakers, researchers
and analysts, as well as the public interested in the past,
present and future path of food and agriculture.

Callan A, Sabirovic M, Caceres H, Abreu D, Tenen-
baum N. Progressive pathway for emergency pre-
paredness self-assessment user guide 2025. Rome:
FAQO; 2025. 52 p. ISBN 978-92-5-140377-8. The Pro-
gressive Pathway for Emergency Preparedness (PPEP)
self-assessment user guide is a comprehensive guide
that helps national authorities evaluate and improve
their emergency preparedness for agrifood emergen-
cies. The guide introduces the PPEP, a voluntary, mul-
tistage process that incorporates self-assessment as a
key component. The handbook outlines seven core ele-
ments of emergency preparedness (governance, com-
munication, planning, resourcing, training, exercising
and continuous improvement), each with specific in-
dicators to assess a country’s emergency preparedness
status. The guide also introduces the tools for struc-
tured evaluation and visual reporting. These tools en-
able countries to identify improvement opportunities,
prioritize them, and collaborate with FAO and regional
partners to build resilient emergency management sys-
tems.

Digital agriculture and Al innovation roadmap.
For the global agrifood systems transformation.
Rome: FAO; 2025. 48 p. ISBN 978-92-5-139932-3.
This document delivers two core concepts. The first
is an inclusive platform whose architecture delivers
value through its four elements, namely, missions and
use cases, an innovation methodology, the community
of people and partners, and a streamlined set of ser-
vices. The second core concept guiding the roadmap’s
implementation are the principles which ensure that

impact is not single-sided but rather a holistic practice
that brightens the community and the planet. These
concepts are meant to truly improve the success rate
of these initiatives and maximize the value of creation
and reusability of digital assets whilst adopting com-
mon technical standards. The Al roadmap is a hands-
on guide for moving from centralized agrifood systems
to local needs-based, safe, interoperable, scalable and
inclusive innovation initiatives and approaches.

UNITED NATIONS EDUCATIONAL,

SCIENTIFIC AND CULTURAL
ORGANIZATION (UNESCO)

The ethics of climate engineering. Paris: UNESCO
Publishing; 2025. 76 p. ISBN 978-92-3-100829-0. For
the first time, a Report by the UNESCO’s COMEST
(World Commission on the Ethics of Scientific Knowl-
edge and Technology) presents a comprehensive global
ethical perspective on climate engineering, with a thor-
ough assessment of the ethical, social, and cultural im-
plications of these technologies. Based on the identified
ethical challenges, COMEST also puts forth concrete
recommendations for Member States and all relevant
stakeholders — including scientists, policymakers, af-
fected communities, and the public — to address the re-
search and potential development of climate engineer-
ing technologies in a transparent and inclusive manner.

Revisiting the relations between science and soci-
ety in the light of the COVID-19 pandemic. Paris:
UNESCO Publishing; 2025. 76 p. ISBN 978-92-3-
100828-3. The pandemic of COVID-19 showed how
deeply our world is shaped by science and innovation
— and how science, in turn, is shaped by society. This
Report by UNESCQO’s World Commission on the Eth-
ics of Scientific Knowledge and Technology of UN-
ESCO (COMEST) explores this dynamic, presenting
ethics as essential for credible and sustainable science.
It emphasizes the importance of dialogue among di-
verse voices, addressing the hopes, fears, and needs of
civil society, while ensuring that people understand the
decision-making processes. This is the core of ethics as
a key enabler in strengthening trust and collaboration.
To address these challenges, the Report calls upon poli-
cymakers, scientists, educators, and the public to foster
a resilient and ethically sound scientific ecosystem. It
presents recommendations to build a more inclusive,
trustworthy, and impactful relationship between science
and society, benefiting present and future generations.



JOINT UNITED NATIONS PROGRAMME
ON HIV/AIDS (UNAIDS)

2025 global AIDS update — AIDS, crisis and the
power to transform. Geneva: United Nations Pro-
gramme on HIV/AIDS; 2025. 120 p. This report shows
that at the end of 2024, just before a collapse in funding
triggered a crisis in the global AIDS response, the re-
markable efforts of communities and governments had
brought down the numbers of new HIV infections by
40% and of AIDS-related deaths by 56% since 2010.
But it also shows that huge gaps in HIV prevention re-
mained, with 1.3 million new infections in 2024 — almost
unchanged from the year before. HIV programmes
across the world are struggling from the sudden, dras-
tic reductions in funding for the global HIV response
announced by the United States Government in early
2025. Those services were stopped overnight when the
United States Government shifted its foreign assistance
strategies. Disruptions are being felt across the HIV re-
sponse and pose a huge risk of increased mortality, a
surge of new HIV infections, and the development of
resistance to the most used treatment regimens. Urgent
action and revived solidarity are needed to sustain the
progress made and prevent a resurgence of HIV.

ORGANISATION FOR ECONOMIC CO-
OPERATION AND DEVELOPMENT (OECD)

The state of cardiovascular health in the European
Union. Paris: OECD Publishing; 2025. 470 p. ISBN
978-92-64-41479-2 (print) ISBN 978-92-64-86505-1
(PDF) ISBN 978-92-64-42646-7 (HTML). This report
provides a comprehensive assessment of cardiovascular
disease (CVD) across EU Member States, combining
the latest evidence on health outcomes, risk factors, and
system performance with policy analysis and action-
able recommendations. It examines trends in mortal-
ity, morbidity, and quality of life, highlighting persistent
inequalities and the growing impact of demographic
change and multimorbidity. Beyond describing the bur-
den of CVD, the report explores the current landscape
of prevention strategies, care integration, and digital
health innovations. By aligning national efforts with EU
priorities and promoting people-centered, data-driven
approaches, this publication aims to support policy-
makers in reducing disparities, strengthening resilience,
and ensure that cardiovascular health is embedded as a
core priority within sustainable health systems.

INTERNATIONAL LABOUR
ORGANIZATION (ILO)

Berg J, Johnston H. Al in human resource manage-
ment: the limits of empiricism, ILO Working Pa-
per 154. Geneva: International Labour Organization;

2025. 40 p. ISBN 978-92-2-042861-0 (print) ISBN
978-92-2-042862-7 (web PDF). This paper presents a
framework for understanding and evaluating the poten-
tial benefits and possible risks or harms presented by
Artificial Intelligence (Al) systems in workforce man-
agement. Following a section of the paper documenting
the historical context of the Human Resources (HR)
field that has given rise, first to people analytics and
then to Al, the paper presents a framework based on
three inter-related parameters that can help assess the
quality, legality, and suitability of Al systems used in
the field. These are: the system objective, the data it is
built on and relies on, and how the Al system is pro-
grammed. Drawing on existing literature about how Al
is being used for workforce management, the paper ap-
plies the three-parameter framework to map the con-
tours of Al use relative to four key HR management
functions where adoption of Al technologies has been
prominent: recruitment, compensation, scheduling,
and performance management.

WORLD HEALTH ORGANIZATION (WHO)

World malaria report 2025. Addressing the threat
of antimalarial drug resistance. Geneva: World
Health Organization; 2025. 213 p. ISBN 978-92-4-
011782-2 (electronic version) ISBN 978-92-4-011783-
9 (print version). Each year, the World malaria report
serves as a vital tool to assess global progress and iden-
tify gaps in the fight against malaria. This year’s report
provides a critical and up-to-date snapshot of efforts to
control and eliminate malaria across 80 countries, in-
cluding the epidemiological situation, progress toward
the global technical strategy, the funding landscape, the
status of malaria interventions and of emerging biologi-
cal threats. The report also presents the threat posed
by antimalarial resistance and its impact in a dedicated
chapter, emphasizing the need for a more coordinated
and effective response that is locally tailored and sup-
ported by regulation, strong quality-assurance systems,
active provider engagement, and the timely generation
and sharing of high-quality drug-resistance data.

Developing national meningitis plans: an opera-
tional manual. Geneva: World Health Organization;
2025. 61 p. ISBN 978-92-4-009428-4 (electronic ver-
sion) ISBN 978-92-4-009429-1 (print version). This
operational manual aims to support countries in de-
veloping their meningitis plans, along the five pillars of
the Defeating meningitis by 2030 global road map. It
suggests an approach for the development of national
meningitis plans through involvement of various stake-
holders to ensure political buy-in. It also suggests ac-
tivities to be included in the plan, with considerations
to help fine-tuning the activities to make them context
appropriate.

WHO updated recommendations on HIV clini-
cal management: recommendations for a public
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health approach. Geneva: World Health Organiza-
tion; 2025. 108 p. ISBN 978-92-4-011946-8 (electronic
version) ISBN 978-92-4-011947-5 (print version). This
document provides an overview of the updated World
Health Organization recommendations for HIV clinical
management, which focus on optimizing antiretroviral
therapy, preventing vertical transmission, and enhanc-
ing tuberculosis prevention among individuals with
HIV. These updates are intended to support global ini-
tiatives aimed at ending AIDS as a public health threat
by 2030. Key changes include the introduction of new
antiretroviral drugs and regimens, revised postnatal

prophylaxis and breastfeeding guidelines for managing
infants at risk of vertical transmission, and the endorse-
ment of shorter tuberculosis preventive treatments to
improve efficacy and adherence. The recommendations
are designed to simplify and advance HIV care, pro-
mote equity, and contribute to improved health out-
comes and quality of life for individuals living with HIV.
The updated guidance will be incorporated into the
forthcoming revision of the antiretroviral therapy chap-
ter within the Consolidated Guidelines on HIV Preven-
tion, Testing, Treatment, Service Delivery, and Monitor-
ing: Recommendations for a Public Health Approach.



Ann Ist Super Sanita 2026 | Vol. 62, No. 1

Instructions to Authors

Annali dell’Istituto Superiore di Sanitd is a peer reviewed quarterly science journal which publishes research
articles in biomedicine, translational research and in many other disciplines of the health sciences. The journal
includes the following material: original articles, reviews, commentaries, editorials, brief and technical notes,
book reviews. The publication of Monographic Sections on Annali ISS has been discontinued. In case you wish to
present a limited number of coordinated contributions on specific themes concerning priorities in public health,
please contact the Editorial office. If only regional or Italian data are presented in the manuscript, these should
be compared with similar data available at European or international level. Annali follows the Recommendations
for the Conduct, Reporting, Editing, and Publications of Scholarly Work in Medical Journals, issued by the
International Committee of Medical Journal Editors (ICMJE) recently updated with a specific section II.A.4.
on Artificial Intelligence (Al)-Assisted Technology. www.icmje.org.

MANUSCRIPT SUBMISSION

Manuscripts should be submitted online to https:/annali.iss.it/.
The submission should include:

e cover letter where the authors declare that the manuscript
has not been published or submitted for publication elsewhere;
e manuscript;

e tables and figures;

e authors’ contributions statement (individual contribu-
tion to the manuscript);

e conflict of interest statement (a conflict of interest exists
when authors or their institutions have financial or personal
relationship with other people or organizations that could
inappropriately bias conduct and findings of the study);

e permission to reproduce figures, if appropriate.
Receipt of author'’s paper will be acknowledged by an e-
mail containing an identification number which should be
used in future correspondence.

If Artificial intelligence (Al)-assisted technologies were
used in the production of the submitted work, both the
cover letter and the submitted work clearly state this and
provide detail on their use.

NOTE FOR ISS AUTHORS

Authors whose affiliation is Istituto Superiore di Sanita
can submit their paper only after completing the usual
ISS authorization procedure (Infoweb).

REVIEW PROCEDURE

Each paper submitted to Annali is subjected to the fol-
lowing procedures:

o it is reviewed by the Editor-in-Chief for general suitability;
o if it is judged suitable, qualified referees are selected and
a peer review process takes place;

e based on the recommendations of the referees and re-
plies of the authors, the Editor-in-Chief decides whether
the article should be accepted, modified or rejected;

e once the paper has been accepted, authors will receive
proofs from the editorial office, which should be correct-
ed and returned (usually within three working days).

MANUSCRIPT PRESENTATION

Please ensure that your manuscript follows these guide-
lines.

Manuscripts should be written in good English, as con-

cisely as possible to allow a clear understanding of the text.
The title should be followed by the complete name of the
authors, their affiliations — only one per author and in the
original language — town and country. The name of the
Working Group should appear at the end of the by-line;
its composition should be reported before the Referenc-
es, names and affiliations of each member are required.
The name and address, telephone and e-mail of the cor-
responding author should also be indicated. On the same
page a running head of no more than 40 characters (in-
cluding spaces) should be included.

Original articles should normally be organized into differ-
ent sections (i.e.: Introduction, Materials and methods,
Results, Discussion, Conclusions). In the Methods sec-
tion a specific paragraph on the adopted statistical analy-
sis should necessarily be included.

Each article should be accompanied by:

e an abstract of about 150 words; the abstract should be
structured when required (such as in original articles);

e key words up to a maximum number of five (MeSH
headings, whenever possible. Refer to: www.nlm.nih.gov/
mesh/meshhome.html).

Tables and figures should be kept to a minimum and be
presented only if necessary.

Authors should deal responsibly and effectively with se-
curity issues that might be raised by their papers (see:
Statement on Scientific Publication and Security Science
2003;299:1149).

This journal has adopted the SAGER reporting Guide-
lines for Sex and Gender Equity in Research.

These guidelines apply to original research articles and re-
view papers. Authors should use the terms sex and gender
carefully in order to avoid confusing both terms. Where
subjects can also be differentiated by gender (shaped by
social and cultural circumstances), the research should be
conducted similarly at this additional level of distinction.
Where the subjects of research comprise organisms capable
of differentiation by sex, the research should be designed
and conducted in a way that can reveal sex-related differ-
ences in the results, even if these were not initially expected.
Please consult the guidelines (https:/researchintegrity-
journal.biomedcentral.com/articles/10.1186/s41073-016-
0007-6).


https://annali.iss.it/
http://www.nlm.nih.gov/mesh/meshhome.html
http://www.nlm.nih.gov/mesh/meshhome.html
https://researchintegrityjournal.biomedcentral.com/articles/10.1186/s41073-016-0007-6
https://researchintegrityjournal.biomedcentral.com/articles/10.1186/s41073-016-0007-6
https://researchintegrityjournal.biomedcentral.com/articles/10.1186/s41073-016-0007-6
http://www.icmje.org

Authors are also encouraged to use fair, accurate and
respectful language, but preferences can change and
vary across groups and individuals and can also evolve
overtime. The following guidelines may help in use of a
correct terminology in the area of HIV: https://www.cdc.
gov/stophivtogether/library/stop-hiv-stigma/fact-sheets/
cdc-Isht-stigma-factsheet-language-guide.pdf
https://www.hptn.org/resources/HIVLanguageGuide
https://unesdoc.unesco.org/ark:/48223/pf0000144725
The name of the bioresource (and identifier, if available)
which provided samples/data useful for the conduct of
the study should be reported in extense, either in the Ma-
terial and methods section or in the Acknowledgements.

LENGTH OF THE TEXT

To provide a text that meets the requirements of our pub-
lication:

e the letter to the Editor should be about 450 words; it
does not need an abstract. Please contact the editorial
office in advance if you wish to submit a Letter;

o the editorial should be no longer than 1,000 words; edi-
torials are submitted on invitation. Please contact the edi-
torial office in advance if you wish to submit an editorial;
e the commentary, 2,000 words; the commentary is an
opinion piece or reflection on recent papers previously
published on Annali ISS or elsewhere; an abstract is re-
quired; please contact in advance the editorial office;

e the brief note, 3,000 words, including about 15 refer-
ences, one table and one figure;

o the article, 6,000 words, including about 40 references,
three tables and two figures;

o the review should be no longer than 10,000 words, in-
cluding no more than 100 references up to a maximum
of four tables and three figures.

e Supplementary materials should be no longer than two
printed pages. If necessary, authors could invite readers
to contact them.

FORMATTING GUIDELINES

Text

e Use Times New Roman font, 10 point, single spaced,;

e do not use the automated features of your application
(endnotes, headers, footers, especially for references);

e avoid using bold characters to emphasise words or sen-
tences within the text;

e indicate clearly titles of chapters and subchapters avoid-
ing numbering.

Tables and figures

They should be understandable also without reference to
the text and should be numbered in Arabic numerals in a
consecutive and independent way according to their cita-
tion within the paper.

Tables should be presented on a separate sheet and pre-
ceeded by a title. Each column within the table should
have a heading. Abbreviations should be reported in full
in the legend.

Figures should be loaded as separate files. The following
file formats are acceptable: JPEG, TIFF or EPS. Vecto-
rial images (graphs, flow charts, schemes, and other non
bitmap material) should be in Excel, Adobe Illustrator,

Microsoft Power Point so as to allow the editorial format-
ting of the material.

Figures are redrawn into the Annali style by our in-house
illustrators.

Photographs must have a minimum resolution of 300 dpi.
Captions should be presented on a separate sheet and
contain a sufficient explanation of their object. They
should be concise but comprehensive.

REFERENCES

All references in the text must be numbered in square
brackets, i.e., [1, 2, 3-6], and mentioned at the end of the
article in the order in which they are quoted. They should
conform to the “Recommendations for the Conduct, Re-
porting, Editing, and Publications of Scholarly Work in
Medical Journals” (www.icmje.org), according to the fol-
lowing examples.

Titles of periodicals should be abbreviated in accord-
ance with the Medline abbreviation of the US National
Library of Medicine (www.nlm.nih.gov/bsd/aim.html).
Online journal articles can be cited using, in addition to
the complete citation, the DOI number. Do not insert
websites among the References but directly in the text in
parentheses, where necessary.

Articles in journal

Bozzuto G, Ruggieri P, Molinari A. Molecular aspects of
tumor cell migration and invasion. Ann Ist Super Sanita.
2010;46(1):66-80. doi: 10.4415/ANN_10_01_09

Books and chapters in a book

Godlee F, Jefferson T. Peer review in health sciences.
London: BMJ Books; 1999.

Van Weely S, Leufkens HGM. Background paper: orphan
diseases. In: Kaplan W, Laing R (Eds). Priority medicines
for Europe and the world — a public health approach to
innovation. Geneva: World Health Organization; 2004.

Proceedings

Fadda A, Giacomozzi C, Macellari V. Comparative
measurements to validate a new telemetric pressure in-
soles system. In: 2. International Symposium on meas-
urement, analysis and modelling of human functions. 1.
Mediterranean Conference on measurement. Workshop
on evaluation check of traceability. Proceedings. Geno-
va: June 14-16, 2004. p. 425-7.

Technical reports

Della Seta M, Di Benedetto C, Leone L, Pizzarelli S,
Siegmund U. ETHICSWEB technical guides. Manual for
the creation of standards and guidelines for sharing infor-
mation about knowledge organization systems on ethics
and science. Roma: Istituto Superiore di Sanita; 2011.
(Rapporti ISTISAN, 11/32).

Legislation

Italia. Decreto legislativo 29 ottobre, n. 419. Riordina-
mento del sistema degli enti pubblici nazionali, a norma
degli articoli 11 e 14 della legge 15 marzo 1997, n. 59.
Gazzetta Ufficiale — Serie Generale n. 268, 15 ottobre
1999.

US Social Security Administration. Evidentiary require-


https://www.cdc.gov/stophivtogether/library/stop-hiv-stigma/fact-sheets/cdc-lsht-stigma-factsheet-language-guide.pdf
https://www.cdc.gov/stophivtogether/library/stop-hiv-stigma/fact-sheets/cdc-lsht-stigma-factsheet-language-guide.pdf
https://www.cdc.gov/stophivtogether/library/stop-hiv-stigma/fact-sheets/cdc-lsht-stigma-factsheet-language-guide.pdf
https://www.hptn.org/resources/HIVLanguageGuide
https://unesdoc.unesco.org/ark
http://www.icmje.org
http://www.nlm.nih.gov/bsd/aim.html

ments for making findings about medical equivalence.
Final rules. Fed Reg. 2006 Mar 1;71(40):10419-33.

The authors should check that each reference cited in the
text appears in the reference list and viceversa. Referenc-
es should not include works submitted for publication but
not yet accepted or unpublished results, etc. These can be
mentioned in the text in parentheses.

CONVENTIONS

All Latin or foreign words should be in italics. The au-
thors should use internationally accepted abbreviations.
All abbreviations should be spelled out in full the first
time they occur in the text, followed by the shortened
term in parentheses; afterwards use the abbreviation only.
Avoid abbreviations in the title of the manuscript.

For writing symbols, quantities and units of measure-
ments refer to the International Systems of Units (SI) and
the ISO standards.

LICENSES AND AGREEMENTS

Extended quotations and illustrative material taken from
other publications must be accompanied by the original
permission granted by the authors and by the publisher
or in accordance with the copyright policy of the original
publication and the Creative Commons.

Responsibility for the contents and opinions expressed on
this journal rests solely with the author(s).

Please, contact the Editorial Office for any other informa-
tion. Annali Editorial Office - Scientific Communication
Service

Istituto Superiore di Sanita

Viale Regina Elena, 299 00161 Rome, Italy

Tel.: +39 06 49902945 Fax: +39 06 49902253

E-mail: annali@iss.it

www.iss.it/annali - https:/annali.iss.it/
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