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Artificial Intelligence in Occupational Medicine:
Upholding Disciplinary Integrity and Editorial
Standards

'The rapid advancement of Artificial Intelligence (AI) and large language models has generated increasing
interest in their potential uses in occupational medicine [1]. Like other journals, we are receiving numerous
submissions that assess Al systems using occupational health datasets [2]. This trend has raised important
questions about the scope of occupational medicine research and the appropriate role of Al evaluation studies
in a specialized occupational health journal. In this editorial, which builds on a recent one [3], we aim to
turther clarify the criteria we use to evaluate these submissions, distinguish between suitable and unsuitable
Al research in our field, and offer guidance for future authors.

At the core of our editorial decisions is a fundamental principle: a manuscript can be technically sound
and methodologically rigorous, but if the research question is not primarily an occupational health question,
it falls outside the scope of occupational medicine. This distinction is not just an editorial preference; it reflects
occupational medicine’s identity as a clinical and public health field focused on preventing occupational
diseases and safeguarding worker health.

To elucidate, consider two types of research questions that may appear superficially similar. One might
ask: “Can Al language models generate reliable and readable responses to questions about an occupational
disease?” This is primarily an Al question, focusing on the technical performance of Al systems—their
architecture, training, and output quality. The subject matter, being occupational health, does not by itself
render it an occupational medicine question and this why the paper has been rejected. By contrast, a question
such as: “Can Al assist the standardized radiographic classification of pneumoconioses in occupational health
surveillance programs, and what are its limitations and challenges for implementation?” directly addresses a
specific occupational health task. It contemplates integrating technology into occupational health practice
and recognizes the essential role of occupational health professionals in decision-making, and this is why the
manuscript has been published [4].

'The distinction is not sharp but is also far from semantic. Occupational medicine is concerned with
worker health outcomes, disease prevention, clinical decision-making, and the protection of workers’ health.
While Al tools may eventually support occupational health practice, assessing whether an Al system can
perform a task is categorically different from demonstrating whether its use improves worker health or should
be adopted in practice. The former is a technological evaluation; the latter is an occupational health inquiry.

Occupational medicine research typically addresses questions such as: Does this intervention prevent
occupational disease? Does this diagnostic approach improve early detection of work-related illnesses? Does
this surveillance method more effectively protect worker health than the current practice? Does this clinical
management strategy improve outcomes for exposed workers? How can occupational health professionals
enhance the protection of worker welfare? These questions are intrinsically about health outcomes and require
examination of clinical workflows, integration of new tools, and occupational health practices.

Conversely, Al evaluation questions generally ask: Can this Al system complete a task> How does
it compare to other Al models> What are the accuracy, reliability, or readability metrics of Al-generated
outputs? How do different Al architectures perform on standard datasets? These questions focus on Al
capabilities and limitations—legitimate and essential in Al research—but do not in themselves represent
occupational medicine research.
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Challenges emerge when Al evaluation studies are presented as occupational medicine research, merely
using occupational health data without meaningful engagement with occupational health practice, outcomes,
or professionals’needs. In such instances, occupational health serves as a background rather than the research
tocus. La Medicina del Lavoro will consider manuscripts involving Al if they satisfy the following editorial
criteria.

(i) First, the research question must fundamentally be an occupational health question. It should
address a recognized occupational health task, clinical decision, or surveillance need central to occupational
medicine practice. The task must be specific to occupational health—such as diagnostic classification based
on standardized occupational frameworks, hazard assessment using occupational health criteria, or disease
surveillance employing occupational epidemiology methods—not generic medical applications incidentally
involving occupational data. The study should be firmly situated within the context of occupational health
practice and professional needs, rather than merely using data as a convenient Al testing ground.

(ii) Second, the study must demonstrate a direct, rather than theoretical, connection to occupational
health practice. The Al application should address a specific, standardized task utilized in occupational
medicine—for example, the International Labour Organization classification of pneumoconiosis radiographs,
a globally recognized occupational health diagnostic framework. Manuscripts should discuss integration
into occupational health workflows and recognize occupational health professionals as primary users or
beneficiaries. Studies limited to evaluating Al responses to general questions about occupational diseases,
without linking them to specific tasks or practice contexts, do not fulfill this requirement.

(iii) Third, authors must explicitly acknowledge the limitations of Al systems for occupational health
applications and clearly articulate that Al is a supportive tool—not a substitute for clinical judgment or
professional responsibility [5]. Manuscripts should recognize current occupational health practice and
regulatory frameworks, distinguish technical performance metrics from clinical utility, and indicate whether
the study is exploratory or pilot in nature. Authors must clarify that Al is not proposed for autonomous
clinical decision-making and discuss how occupational physicians would integrate such tools into practice.
Affirming the central role of clinical judgment and professional responsibility is essential.

(iv) Fourth, methodological rigor is imperative. Studies must use standardized, validated reference
datasets or classifications (e.g., the NIOSH B Reader dataset), employ appropriate statistical analyses,
including confidence intervals and significance testing, and compare Al applications to existing standards
or established occupational health practices. Transparent reporting of model architectures, training data, and
prompting strategies is especially important given Al’s technical complexity,which can obscure methodological
limitations if not carefully addressed [6].

(v) Fifth, while pilot studies are acceptable, manuscripts should convincingly propose pathways by
which the Al application could enhance occupational health outcomes or explain why it might not. The
study should describe the occupational health issues being addressed, detail how implementation would
happen in occupational settings, identify barriers and facilitators to adoption, and compare the Al approach
to current standard practices. Pilot studies should place their findings within a broader research agenda aimed
at advancing occupational health practice.

To illustrate the application of these criteria, consider a recent study that evaluated generative multimodal
Al models in applying the ILO classification to pneumoconiosis radiographs [4]. This work directly addresses
a standardized occupational health task central to surveillance programs worldwide, uses a recognized
diagnostic framework, situates the study within occupational health practice, and explicitly acknowledges
Al limitations and the supportive rather than autonomous role of Al tools [5]. The methodology employed
standardized datasets with certified classifications and appropriate statistical analysis. The manuscript
discussed potential occupational health benefits, such as standardization and efficiency improvements, while
appropriately framing the work as exploratory and emphasizing the need for prospective validation. This
study meets our criteria for publication due to its clear disciplinary relevance, methodological rigor, and focus
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on worker health outcomes, though Al assessments are based on an outdated imaging technique applied to a
disease that is fortunately in sharp decline. An interesting aspect of the study is that the comparison among
tour Al software tools is not intended to produce performance rankings, but rather to confirm that none of
them achieves a level of accuracy sufficient to replace a NIOSH B Reader, who remains necessary to assume
diagnostic responsibility.

Authors considering submissions involving Al are urged to carefully evaluate whether their research
question is fundamentally an occupational health inquiry rather than an Al performance evaluation. The
research should demonstrate direct relevance to occupational health practice and address specific tasks
or decisions routinely made by occupational health professionals. Explicit acknowledgment of Al system
limitations in occupational health contexts and clear articulation of the role of professional judgment in
clinical decision-making are required. Methodological rigor must be maintained, and manuscripts should
discuss potential occupational health outcomes or clinical utility, even for exploratory studies.

Manuscripts that primarily use occupational health data as Al test datasets, without addressing
specific occupational health questions or demonstrating direct relevance to practice, will be desk-rejected.
We encourage authors to consult the journal’s scope and these criteria prior to submission. La Medicina
del Lavoro welcomes rigorous, discipline-grounded research on Al applications in occupational health. We
recognize Al’s potential to meaningfully support occupational health practice, but we uphold clear editorial
standards to ensure that published research advances occupational medicine and worker protection rather
than repurposing occupational data solely for Al evaluation.

The distinction between “Al evaluation using occupational health data” and “occupational medicine
research involving AI”is not a semantic nuance. It reflects the fundamental mission of our discipline and journal:
advancing occupational health, preventing occupational disease, and protecting worker welfare. Occupational
medicine is inherently a clinical and public health field that must remain grounded in occupational health
questions, professional practice, and worker protection. Al is a powerful tool in the service of this mission—
not an end in itself. Maintaining these boundaries will help guide authors and reviewers toward contributions
that meaningfully advance occupational medicine amidst rapid technological evolution, ensuring the journal
remains a dedicated venue for occupational health research rather than a general Al technology forum.

AnTONIO MUTTI
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SUMMARY

Although less commonly used than internal dose indicators, biological effect indicators can be valuable for Risk As-
sessment. Among the numerous biomarkers used to date, those that indicate DNA damage could be especially useful
for occupational safety, as they predict the risk of carcinogenesis. The most common among these assays is the mi-
cronucleus test. Unfortunately, this test cannot be performed on human erythrocytes; to apply it to lymphocytes, it
requires invasive blood sampling, limiting its use fo scientific research. We have developed a new method that enables
the micronucleus test to be conducted in a rapid, non-invasive, and cost-effective manner. Ihe test is performed on
immature erythrocytes (reticulocytes) in human blood smears collected via a finger prick and stained with Acridine
Orange. This new protocol allows the micronucleus test to be applied to human blood samples in a manner compatible

with occupational safety procedures.

1. INTRODUCTION

Biological monitoring enhances exposure assess-
ment by incorporating fundamental measures of
absorbed dose and biological effects. In Italian leg-
islation, Legislative Decree 81/08 mandates, within
the framework of risk assessment activities, not only
the evaluation of exposure to chemical and physical
agents but also the conduct of biological monitoring.
This is compulsory for workers exposed to agents for
which biological limit values have been established.
In addition to “exposure monitoring”, Legislative
Decree 81/08 also specifies procedures and refer-
ence values for “monitoring of the absorbed dose”
(Annex XXXIX). As previously noted, however, bio-
monitoring can encompass both the use of “internal
dose indicators” and “biological effect indicators.”
The latter are referenced in Title IX of Legislative

Received 26.09.2025 — Accepted 20.03.2026

Decree 81/08 but lack detailed procedural or quan-
titative guidance. Integrating biological eftect indi-
cators into occupational health surveillance could
enable the detection of early damage, allowing for
preventive or protective interventions prior to the
onset of occupational pathologies.

Although, as already mentioned, “biological ef-
tect indicators are not yet implemented in routine
health surveillance activities, they have been exten-
sively developed within scientific research. Among
the numerous biomarkers employed, those that in-
dicate DNA damage may be particularly relevant
to workplace safety, given their predictive value
for carcinogenesis [1]. Most existing literature on
human biomonitoring evaluates biomarkers of
genotoxic damage—i.e., DNA damage—using pe-
ripheral blood samples [2]. This approach is favored

due to the lower invasive nature of blood collection

’ Corresponding Author: Ion Udroiu; E-mail: ion.udroiu@uniroma3.it
T A preliminary version of this work has been presented at the 13™ International Symposium on Biological Monitoring (ISBM13)
in Occupational and Environmental Health, held in Milan from 9th o 12 September 2025.
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compared to tissue biopsies. The tests employed in-
clude detection of chromosomal aberrations, sister
chromatid exchanges, DNA repair proteins, and the
comet assay and micronucleus test [3].

However, these analyses often require specialized
skills and resources that are not readily available out-
side research settings. They require non-negligible
blood volumes for lymphocyte culture, preparation
of metaphases for chromosomal aberration and
sister chromatid exchange assessments, immuno-
fluorescence techniques for DNA repair proteins,
and gel electrophoresis for the comet assay. Conse-
quently, although these tests are widely used in sci-
entific studies—including investigations of cohorts
with occupational exposure and significant associa-
tions between exposure and DNA damage—there is
no application outside the field of scientific research.
Despite the extensive scientific literature on the sub-
ject, these test are not currently employed by health
surveillance or occupational safety practitioners.
Nonetheless, developing accessible, non-invasive,
and cost-effective biomonitoring methods could
substantially advance occupational health practices.

Among these, the micronucleus test represents
the most straightforward and cheapest assay for
genotoxicity assessment. When performed on
erythrocytes (red blood cells), it obviates the need
for blood culture—necessary for lymphocyte-based
tests—and can be conducted on blood smears. The
micronucleus test consists in assessing the frequency
of cells containing micronuclei, known in hematol-
ogy as Howell-Jolly bodies. Micronuclei form when
a chromosome fragment or an entire chromosome
(Figure 1A) is not incorporated into one of the
daughter nuclei at the end of cell division, and is
therefore the product of genotoxic damage.

Therefore, it is feasible (at least in theory) in every
proliferating tissue. In practice, both in human and
animal studies, it is often performed on red blood
cells (erythrocytes). This is due not only to the ease
with which blood can be obtained, but also because,
being erythrocytes enucleated (and thus containing
no DNA), any nuclear material inside of them (i.e.,
micronuclei) can be easily recognized. In fact, dur-
ing the transition from erythroblast (precursor) to
erythrocyte, the nucleus is expelled, but not the pos-
sible micronucleus (Figure 1B). For these reasons, as

well as for its proven sensitivity and specificity, the
micronucleus test in animals (in vivo) is internation-
ally standardized (OECD n°474) and recognized
for the evaluation of induced DNA damage [4].

In certain species, however, micronuclei are ex-
truded from erythrocytes during their passage
through the spleen [5]. Consequently, the micronu-
cleus test is not applicable in these species. This lim-
itation prompted the Organization for Economic
Cooperation and Development (OECD) to specify
that “any appropriate mammalian species may be
used provided it is a species in which the spleen
does not remove micronucleated erythrocytes” [4].
Unfortunately, human spleens do remove micronu-
clei. Nonetheless, the test is feasible if only imma-
ture erythrocytes (reticulocytes) are scored, because
reticulocytes have not yet passed through the spleen
(where they develop into mature erythrocytes) and
thus can be scored.

As noted above, many articles in the scientific lit-
erature describe occupational biomonitoring studies
in which genotoxicity assays, including the micro-
nucleus test (on lymphocytes), have been performed
[3]. Nonetheless, they are not used by safety and
prevention personnel and are not part of the risk as-
sessment or health surveillance protocols. This could
be mainly ascribed to three reasons: 1) invasiveness
of the sampling; 2) technical skills required; 3) cost
and time required for the assays. In this article, we
describe a new protocol we have developed to ad-
dress and resolve these issues. As a first validation,
we used blood samples from X-irradiated mice to
assess the method’s sensitivity.

2. METHODS

First, we introduce a simple and minimally inva-
sive sampling technique. Most assays typically re-
quire several milliliters of blood, usually 5 ml, thus
obtained via venipuncture. In contrast, our novel
approach involves collecting a blood drop through
digital puncture, specifically with a finger prick
(Figure 2A-2B). While this volume is insufficient
for other assays, such as those necessitating lympho-
cyte culture preparation, it is more than adequate
for conducting the micronucleus test on reticulo-
cytes. Indeed, human blood contains approximately
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Bone marrow

(@

Blood vessel

Figure 1. (a) During mitosis a chromosome fragment is not segregated in the two nuclei of the

daughter cells, thus forming a micronucleus; (b) During the maturation of a micronucleated
erythroblast in the bone marrow, the nucleus is expelled, resulting in a micronucleated reticulo-

cyte released in the circulation; this will further lose all RNA and organelles, becoming a mature

(and in this case micronucleated) erythrocyte.

5 million erythrocytes per microliter [6], with re-
ticulocytes constituting nearly 1% of these cells. This
corresponds to tens of thousands of reticulocytes per
microliter, whereas the test requires only 1000-2000
reticulocytes for scoring. A blood drop obtained by
finger prick typically ranges from 30 to 50 microlit-
ers. We recommend using no more than 10 micro-
liters of blood (see below).

For each subject, three to four blood smears can
be prepared (Figures 2C-2F) to ensure technical
replicates for the staining procedure. To prevent the
formation of overly dense smears with piled eryth-
rocytes that are non-scorable, it is recommended
to use no more than 10 microliters of blood. The
smears are subsequently allowed to dry at room
temperature and then fixed in absolute methanol
for 10 minutes. Once dried, they may be stored at
room temperature.

A stock solution of Acridine Orange (1 mg/mL)
in deionized water should be prepared and stored at
+4 °C in the dark. For staining, fresh solutions are
prepared by diluting aliquots of the stock solution
in Serensen’s bufter at pH 6.8 to a final concentra-
tion of 20 pug/mL. Blood smears are stained with
50 microliters of this freshly prepared Acridine Or-
ange solution at room temperature, then covered
with a coverslip.

Acridine Orange binds to both DNA and RNA,
emitting yellow-green fluorescence (520 nm) and
red-orange fluorescence (680nm), respectively.
Thus, reticulocytes, which contain RNA, are stained
in red/orange, whereas mature erythrocytes are not
stained. The test is performed using a fluorescent
microscope by scoring only reticulocytes (orange-
stained cells). Nucleated blood cells, identifiable by

their size and the yellow-stained nucleus occupying
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Figure 2. Non-invasive blood sampling. A finger prick (a) is used to collect a drop of blood (b), which
is put on a smear glass (c). Another glass is put at 45° and pulled backward until it touches the drop (d),
then it is quickly moved forward (e), creating the blood smear (f).

most of the cell, must not be scored. Micronuclei 3. Air-dry the smears at room temperature.

are classified as such if they are stained yellow, are 4. Fix the smears in absolute methanol at room
clearly situated within reticulocytes, and are circular temperature for 10 minutes, then air-dry
(Figure 3). Micronuclei that appear oblong or ir- them (and, if needed, store the smears at
regular must be discarded as debris or aggregates. room temperature).

The assessment of micronuclei frequency then 5. Stain the smears with 50 puLL of Acridine
consists of scoring 1500 reticulocytes and noting Orange in Serensen’s buffer at pH 6.8 (final
how many are micronucleated. Summing up, the concentration of 20 pg/mL) (remember Acr-
proposed protocol is the following: idine Orange must be at room temperature!);

6. Close the smears with coverslips.
1. Sample a drop of blood with a finger prick. 7. Analyze the sample with a fluorescent micro-

2. Smear blood on glass. scope, scoring 1500 reticulocytes.
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Figure 3. The erythrocyte micronucleus test with Acridine Orange staining. Ma-

ture erythrocytes (barely visible) are not stained and must not be scored. Reticulo-
cytes are stained in orange and one of them bears a yellow-stained micronucleus.

As an initial validation of the method’s feasibil-
ity and sensitivity, the erythrocyte micronucleus test
coupled with Acridine Orange staining was per-
formed on murine blood samples. These samples
were derived from a prior experiment [7], approved
by the Animal Research Ethical Committee of the
Italian Ministry of Health (approval ID: 10.10.15).
In brief, two groups of five female CD-1 Swiss mice
each were subjected to X-irradiation at doses of 0.1
and 1 Gy, using a Gilardoni apparatus (Gilardoni,
Italy) with 250 kV, 6 mA, 3 mm Al filter, and at
a dose rate of 0.5 Gy/min. An additional group of
five female mice served as unirradiated controls.
Blood samples were collected via tail puncture
24 hours post-irradiation. The blood smears were
fixed, stained, and analyzed as previously described.
Micronucleus frequencies between the irradi-
ated and unirradiated groups were compared us-
ing Welch’s t test. Results are expressed as mean *
standard deviation.

3. RESULTS

The mean frequency of micronucleated reticulo-
cytes in blood samples from unirradiated mice was

1.5 £ 0.9%o (Figure 4). In contrast, irradiated mice
exhibited a mean micronucleated reticulocyte fre-
quency of 5.6 = 1.6%o in the 0.1 Gy group and 23.6
+ 6.4%o in the 1 Gy group.

'These findings are consistent with results from pre-
vious studies that used Giemsa staining to evaluate
micronuclei frequency in the blood of X-irradiated
mice [8, 9]. Statistically significant differences were
observed between the unirradiated group and the 0.1
Gy group (p=0.0021), as well as between the unirra-
diated group and the 1 Gy group (p=0.0013).

4. DISCUSSION

'The protocol presented herein is part of an ongo-
ing research project funded by INAIL, the Italian
National Institute for Insurance against Accidents
at Work (grant number BRIC 2022 ID 54), aimed
at facilitating the application of the micronucleus
test within the field of occupational safety and
preventive measures. During the initial validation
phase, blood samples from X-irradiated mice served
as positive controls to establish the sensitivity of the
method. Both our findings and those of previous in-
vestigations [9] confirm that the micronucleus test
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Figure 4. Frequencies of micronucleated reticulocytes (IMN-
Ret) in peripheral blood from unexposed (control), 0.1 Gy
and 1 Gy X-irradiated mice. *: p=0.0021; **: p=0.0013.

on reticulocytes can detect genotoxic damage at low
X-ray doses (0.1 Gy). Consequently, this assay is ap-
plicable in occupational safety contexts to identify
exposure to various genotoxic agents beyond X-ray
radiation, especially when damage levels are antici-
pated to be low or moderate. Although capable of
detecting higher levels of genotoxicity typically as-
sociated with acute exposures, such as post-accident
scenarios requiring immediate intervention rather
than prevention, the test’s primary utility lies in
low-level exposure assessment.

The subsequent phase involves applying the
test to blood samples from patients treated with
iodine-131. Similar to the current study, a positive
control group exposed to a known genotoxic agent
will be included; however, this group will comprise
human subjects. Based on our preliminary results
and the extensive, decades-long application of the
micronucleus assay in various contexts, we are confi-
dent that this protocol will prove to be both feasible
and effective.

This methodology has the potential to be inte-
grated into routine occupational health surveillance
protocols. Although various other genotoxicity as-
says exist—possessing comparable sensitivity—
their invasiveness, resource requirements, and need

for specialized expertise render them less suitable
for workplace monitoring.

Micronuclei frequency data from the worker co-
hort should be compared with those from a control
group matched for gender, age, and habits. Alterna-
tively, a database of unexposed individuals could be
established by study personnel for use as a reference
in future investigations, or comparable data could be
sourced from the existing literature. A provisional
threshold of >2%o micronuclei (equivalent to three
micronuclei per 1500 reticulocytes) is suggested as
an indicator of concern—based on prior studies em-
ploying flow cytometry, which reported frequencies
of 1.2+0.5%o [10], 0.9+0.6%0 [11], 0.4+0.1%0 [12],
and 1.3+0.5%o [13] in unexposed populations.

This protocol is characterized by its simplicity
and cost-effectiveness, requiring minimal reagents
and no cell culture, antibodies, or DNA probes. The
approximate cost per sample is only a few cents.
Additionally, the sampling and staining procedures
are straightforward and do not necessitate highly
trained personnel, nor are they time-intensive. The
primary time investment is in the scoring process,
which typically takes 2 to 3 hours per sample. Over-
all, this timing is shorter than that required for other
genotoxicity assays.

'The ongoing development of deep neural network-
based software aims to streamline the analysis of retic-
ulocytes and micronucleated reticulocytes. Although
the necessary automated microscopy equipment may
be cost-prohibitive for individual facilities, this chal-
lenge can be mitigated by establishing national or
regional centers. Such a centralized approach would
allow users to leverage automated analysis via smear
transmission, ensuring that high-standard diagnostics
remain accessible and economically sustainable.

5. CONCLUSION

Some techniques and ideas used in this proto-
col are not new: Acridine Orange has been used to
perform the micronucleus test on rodent samples
[14], and antibody-stained human reticulocytes
have been used to perform the flow cytometry mi-
cronucleus assay [10-13]. What is new is the entire
procedure, combining an easy staining method with
non-invasive sampling of human blood. Its minimal
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invasiveness (requiring only one drop of blood per
individual), ease of execution, very low cost, and
potential for integration with dedicated automated
software will also enable the test to be conducted by
personnel responsible for the health surveillance of
professionally exposed workers.
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ABSTRACT

Background: Handgrip strength (HGS) and pinch strength are key indicators of hand function with relevant clini-

cal and ergonomic implications. In Italy, normative reference values for combined grip and pinch strength measure-

ments in healthy adults not exposed to upper-limb biomechanical overload are currently lacking. The primary aim of
this cross-sectional study was to provide descriptive reference values for HGS and three pinch types, stratified by sex
and age group, in a healthy Italian adult population (18-65 years) not exposed to occupational biomechanical over-

load. The secondary aim was to investigate the influence of sex, age, body mass index (BMI), and hand dominance,

as well as the relationships among strength measures. Methods: A total of 813 participants (319 men and 494
women) were evaluated. Measurements were performed using a calibrated Baseline” hand dynamometer and pinch

gauge according to the standardized protocol of the American Society of Hand Therapists (ASHT). Results: Men

showed higher strength values than women across all measures. The association between body mass index (BMI) and
strength was more pronounced and consistent in women than in men, with statistical significance observed only for
selected pinch measures in men. Strength values showed a non-linear distribution across age groups, with peak levels
observed between 30 and 49 years in men and between 40 and 49 years in women. Hand dominance showed a selec-

tive effect in both sexes, influencing specific pinch tasks but not handgrip strength. Conclusions: 7his study provides
the first national joint normative dataset for handgrip and pinch strength in healthy Italian adults aged 18—65 years
not exposed to occupational biomechanical overload. These findings may support clinical and occupational assessments
and contribute to the development of broader Italian normative reference tables.

1. INTRODUCTION across the joints of the hand [1, 2]. It is a practical,
safe, non-invasive, reliable, and feasible method for

Handgrip strength (HGS) represents the maxi-  assessing muscle strength across all age groups. The
mal voluntary force generated by the combined  test can be easily administered by minimally trained

contraction of extrinsic and intrinsic muscles acting ~ personnel and is readily interpretable in clinical
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settings [3,4]. Accordingly, it is routinely used by oc-
cupational physicians, occupational therapists, and
other trained professionals in a wide range of clini-
cal contexts. Evidence indicates that grip strength is
an appropriate proxy for overall muscular strength
[5], reflects the impact of neuromuscular and mus-
culoskeletal disorders as well as cardiovascular dis-
eases, and represents an important indicator in the
diagnosis of sarcopenia [6] and frailty [7], as well as
a predictor of mortality [8]. Pinch strength refers to
the force generated by thumb opposition against the
distal phalanges of other fingers and can be evalu-
ated using standardized tasks, including pulp pinch,
lateral (key) pinch, and tip pinch [9].

A widely accepted approach for interpreting
HGS test results is to compare them with norma-
tive reference values. Such norms allow individual
performance to be evaluated relative to peers of the
same sex and age, facilitating the identification of
individuals with reduced muscle strength who may
be at increased health risk or require intervention, as
well as those with higher strength levels who may
exhibit superior physical or occupational perfor-
mance. Normative values can also be used to moni-
tor physiological ageing by assessing longitudinal
changes in strength capacity [10]. In occupational
medicine, they are additionally useful for evaluat-
ing outcomes of surgical or rehabilitative interven-
tions, monitoring recovery after injury or illness,
and supporting fitness-for-work assessments. In oc-
cupational health practice, grip and pinch strength
measurements are also frequently used to support
functional evaluations and return-to-work assess-
ments. Therefore, reliable normative data for grip
and pinch strength are essential for multiple clinical
and occupational applications.

Normative values for HGS and pinch strength
have been widely reported for decades; however,
most available datasets derive from local or regional
samples rather than nationally representative popu-
lations, and frequently cover restricted age ranges
rather than the entire adult lifespan [11-29]. Nu-
merous factors are known to influence HGS, in-
cluding age, height, body weight, and body mass
index (BMI). Several studies have shown that HGS

is consistently higher in men than in women across

comparable age groups throughout adulthood
(20-69 years). Peak HGS has been reported between
25 and 50 years [36], whereas a recent systematic
review suggests a peak between 30 and 39 years
[10]. Variability in HGS has been shown to corre-
late negatively with age and positively with wrist,
arm, and hand circumference, palm length, and arm
muscle mass. Other potential determinants include
BMI and height, although findings regarding these
variables remain inconsistent [20, 27]. Differences
between dominant and non-dominant hands have
also been described, with the dominant hand gener-
ally reported to be approximately 10% stronger [36].

Normative reference values should ideally be de-
rived from representative samples collected within
the last 15-20 years [13]. Comparisons across
populations indicate regional variability [16, 24],
particularly between developed and developing
countries [31, 32]. Consequently, despite the recent
publication of international normative values by
Tombkinson et al. in 2024 [10] based on a very large
dataset (approximately 2.4 million individuals),
such variability may limit the direct applicability
of international norms to specific national popula-
tions [12]. To the best of our knowledge, in the Ital-
ian context, although recent studies have proposed
normative values for grip strength [33] and pinch
strength [34], a comprehensive dataset providing
combined reference values for both grip and pinch
strength in healthy adults aged 18-65 years not ex-
posed to upper-limb biomechanical overload is still
lacking.

The present study was designed to address this
gap. The primary objective was to estimate refer-
ence values for HGS and three pinch types (lateral,
three-point, and tip-to-tip) stratified by sex and
age group in a sample of healthy adults aged 18-65
years not occupationally exposed to biomechanical
overload of the upper limbs and without a history
of substantial non-occupational upper-limb over-
load. Secondary objectives were to investigate the
influence of sex, age, BMI, and hand dominance
on strength measures, to assess relationships be-
tween grip and pinch strength, and to compare the
findings with normative data available from other
countries.
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2. METHODS
2.1. Study Design and Population

A cross-sectional study was conducted in a sam-
ple of 813 healthy adults (319 men and 494 women)
aged 18-65 years who were not occupationally ex-
posed to upper-limb biomechanical overload. Par-
ticipants were recruited during routine occupational
health surveillance examinations performed by
occupational physicians at two large hospital or-
ganizations in Northern Italy (Brescia and Trento)
between November 2020 and June 2025. Written
informed consent was obtained from all partici-
pants prior to data collection. The study was con-
ducted in accordance with the ethical principles
outlined in the Declaration of Helsinki. All data
were anonymized prior to analysis and processed in
accordance with the EU General Data Protection
Regulation (GDPR 2016/679) and national privacy
regulations.

Exclusion criteria included any current or pre-
vious musculoskeletal, neurological, or metabolic
condition potentially affecting upper-limb strength.
Individuals self-reporting secondary occupations or
leisure activities (e.g., sports or manual hobbies) in-
volving relevant biomechanical loading of the upper
limbs were also excluded.

For analytical purposes, participants were strati-
fied into five age groups: 18-29 years (Group 1), 30—
39 years (Group 2), 4049 years (Group 3), 50-59
years (Group 4), and 60-65 years (Group 5).

2.2. Anthropometric and Descriptive Variables

For each participant, the following anthropometric
and descriptive variables were recorded: sex, age, height,
body weight, and body mass index (BMI), calculated
as weight in kilograms divided by height in meters
squared (kg/m?). Hand dominance was assessed by
self-report and classified into four categories: right-
handed, left-handed, ambidextrous, and corrected
left-handed. These variables were collected to enable
stratified analyses by sex and age group and to examine
potential associations between anthropometric char-
acteristics and grip and pinch strength outcomes.

2.3. Strength Assessment Protocol

Handgrip strength (HGS) and pinch strength
were measured using a Baseline” hydraulic hand
dynamometer and a Baseline” mechanical pinch
gauge, respectively. All assessments were performed
in accordance with the standardized protocol of the
American Society of Hand Therapists (ASHT).
Participants were evaluated in a seated position with
the shoulder adducted and neutrally rotated, the el-
bow flexed at 90°, the forearm in neutral position,
and the wrist positioned between 0-15° of extension
and 0-15" of ulnar deviation. For handgrip testing,
the dynamometer handle was set at the second posi-
tion for all participants.

Both instruments were calibrated by the manu-
facturer and periodically recalibrated throughout
the study in accordance with technical specifications
to ensure measurement accuracy. All measurements
were performed by two trained assessors to mini-
mize inter-rater variability. When necessary, a third
trained operator assisted with data recording and
participant management.

Pinch strength was assessed bilaterally using
three pinch types in the following order:

1. Lateral pinch (key pinch) (Figure 1).
2. 'Three-point pinch (Figure 2).
3. Tip-to-tip pinch (Figure 3).

For pinch strength assessment, two trials per hand
were performed in alternating sequence. Handgrip
strength was subsequently evaluated with three tri-
als per hand. For each strength variable, the final re-
corded value was calculated as the arithmetic mean
of valid trials.

A trial was considered valid when the variabil-
ity between repeated measurements did not exceed
10%. If this criterion was not satisfied, an additional
trial was performed. A standardized rest interval
of approximately 15 seconds was allowed between
consecutive trials to minimize fatigue effects. Stand-
ardized verbal instructions were provided without
motivational encouragement. Participants were in-
structed to progressively increase force to a maximal
voluntary contraction over approximately 1 second
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Figure 1. SEQ Figura \* ARABIC 1: Lateral pinch ( Key pinch).

Figure 2. Three point pinch (T'TT).

and to maintain the contraction for approximately
4 seconds.

Figure 4 shows the standardized testing position
for handgrip strength assessment according to the
ASHT protocol. Participants were seated with the
shoulder adducted and neutrally rotated, the elbow
flexed at 90°, the forearm in neutral position, and
the wrist positioned between 0-15° of extension
and 0-15° of ulnar deviation. The figure illustrates

hand positioning for handgrip strength and for the
three pinch types (lateral pinch, three-point pinch,
and tip-to-tip pinch).

2.4. Statistical Analysis

Data were initially entered into Microsoft Excel”
and subsequently analyzed using IBM SPSS” Statis-
tics (version 26.0.1; IBM Corp., Armonk, NY, USA).
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Figure 3. Two point pinch (tip to tip).

Figure 4. Hand Grip Strenght Test.

The distribution of continuous variables was
assessed using the Kolmogorov—Smirnov test
with Lilliefors correction. Because grip and pinch
strength variables were not normally distributed,
nonparametric statistical methods were used. De-
scriptive statistics are presented as medians and
ranges (minimum-maximum). Differences be-
tween sexes were evaluated using the Mann—-Whitney

U test. Comparisons across age groups (18-29,
30-39, 40-49, 50-59, and 60-65 years) and hand
dominance categories were performed using the
Kruskal-Wallis test.

Associations between categorical variables
(e.g., sex and hand dominance) were examined
using Pearson’s chi-square test. To investigate re-
lationships between anthropometric continuous
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variables and strength outcomes, Spearman’s rank
correlation coefficients were calculated between
age, BMI, and each grip and pinch strength meas-
ure. Correlation analyses were stratified by sex to
explore potential sex-specific patterns in the as-
sociation between BMI and strength. Age-related
trends were assessed both through correlation
analyses and through comparisons across prede-
fined age groups, allowing identification of poten-
tial non-linear (non-monotonic) patterns across
the adult lifespan rather than assuming a single
linear decline. All statistical tests were two-tailed,
and p-values were calculated.

3.RESULTS
3.1. Study Population

A total of 813 participants were included in the
analysis, comprising 319 men (39.2%) and 494
women (60.8%). The demographic and anthropo-
metric characteristics of the study population are
summarized in Table 1.

3.2. Normative Handgrip and Pinch Strength
Values

Sex- and age-specific normative values for hand-
grip strength and pinch strength (lateral pinch,
three-point pinch, and tip-to-tip pinch), measured
bilaterally, are reported in Table 2.

Across all age groups, men consistently showed
higher median values than women for all grip and
pinch strength measures. In both sexes, strength
values followed a non-linear age-related pattern,
with higher values observed in early and mid-
adulthood and a progressive decline in older age
groups. Overall, the distribution of strength values

across age groups suggested peak levels in early to

mid-adulthood.

3.3. Grip and Pinch Strength Differences By Sex

Comparisons between men and women showed
significantly higher grip and pinch strength in men
across all measures. These differences were con-
firmed by the Mann-Whitney U test for all grip and
pinch variables. No significant difference in age dis-
tribution between sexes was observed (P = 0.462).

3.4. Hand Dominance Distribution

The distribution of hand dominance by sex is re-
ported in Supplementary Table S1. A statistically
significant association between sex and hand domi-
nance was observed () = 8.313; df = 3; P = 0.040).
Analysis of adjusted residuals indicated that this
association was driven exclusively by the category
of corrected left-handedness, which was overrep-
resented among men and underrepresented among
women. No significant deviations from expected
frequencies were observed for right-handed, non-
corrected left-handed, or ambidextrous participants.

3.5. Correlations Between Anthropometric
Variables and Strength Measures

Spearman correlation analyses stratified by sex
are reported in Supplementary Tables S2 (men) and
S3 (women). In men, age showed weak correlations
with strength measures, including a weak negative
correlation with right-hand grip strength and weak
positive correlations with selected pinch measures.
Body mass index showed weak but statistically sig-
nificant positive correlations with selected pinch
measures, whereas correlations with grip strength

Table 1. Demographic and Anthropometric Characteristics of the Study Population.

Sex Participants (n) % of Total Age, years, median (range) BMI, kg/m? (median [range])
Men 319 39.2 40 (18-65) 24.38 (16.5-38.8)
Women 494 60.8 43 (18-65) 22.04 (15.9-47.8)
Total 813 100 42 (18-65) 23.14 (15.9-47.8)
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were weaker and not consistently significant. All
grip and pinch strength measures were positively
intercorrelated.

In women, age was weakly negatively correlated
with right-hand grip strength and weakly positively
correlated with selected pinch measures. Body mass
index showed weak but statistically significant posi-
tive correlations with all grip and pinch strength
measures. As observed in men, all strength measures
were positively intercorrelated.

3.6. Effect of Hand Dominance
On Strength Measures

Difterences in grip and pinch strength across
hand dominance categories were evaluated sepa-
rately in men and women using the Kruskal-Wallis
test (Supplementary Table 54).

In men, statistically significant differences across
dominance categories were observed only for left-
hand lateral pinch and right-hand tip-to-tip pinch,
whereas no significant differences were detected for
handgrip strength or the remaining pinch meas-
ures. In women, statistically significant differences
across dominance categories were observed only for
right-hand three-point pinch, with no significant
differences for handgrip strength or other pinch
measures.

3.7. Differences in Strength Measures Across
Age Groups

Difterences in grip and pinch strength across age
groups were assessed separately for men and women
using the Kruskal-Wallis test (Supplementary
Table S5).

In men, statistically significant differences across
age groups were observed for body mass index, bilat-
eral handgrip strength, left-hand three-point pinch,
and bilateral tip-to-tip pinch, whereas no significant
differences were found for lateral pinch strength or
right-hand three-point pinch. In women, statisti-
cally significant differences across age groups were
observed for all tested variables, including body
mass index, bilateral handgrip strength, and all
pinch strength measures.

4. DISCUSSION

In this study, men exhibited higher handgrip
and pinch strength values than women across all
measured variables. This finding is consistent with
large population-based cohorts and recent inter-
national syntheses reporting higher peak strength
and greater values across the adult lifespan in men
compared with women [10, 13, 23, 28, 29]. These
differences are plausibly related to well-established
biological factors, including differences in muscle
mass, hormonal profiles, and body composition, and
further support the use of sex-specific normative
reference values.

The association between body mass index (BMI)
and strength diftered by sex. In women, BMI showed
weak but consistent positive correlations with all
grip and pinch strength measures, whereas in men
significant associations were limited to selected
pinch tasks (Supplementary Tables S2 and S3).
This pattern suggests a more consistent association
between BMI and manual strength in women, po-
tentially related to sex-specific differences in body
composition and fat-lean mass distribution. Over-
all, these findings are consistent with previous stud-
ies reporting positive associations between BMI and
strength [12, 14, 17], while also aligning with evi-
dence indicating non-linear or heterogeneous rela-
tionships between BMI and hand strength [18, 27].
Further investigations in larger and more diverse
samples are warranted to clarify these sex-specific
associations.

The combined analysis of sex- and age-stratified
normative values (Table 2), age-group comparisons,
and correlation analyses indicates that strength
trajectories across adulthood are non-linear. For
most measures, strength peaked in young to mid-
adulthood, followed by a gradual decline in older
age groups. In some pinch measures, particularly
in men, strength profiles appeared relatively stable
across age groups, suggesting lower sensitivity to
age-related gradients. This observation is consistent
with findings first reported by Mathiowetz et al. in
1985.[15].

Overall, the age-related pattern observed in this
study follows a non-linear (bell-shaped) trajectory
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corresponding to the expected profile described in
international reference curves, with a peak in early
adulthood and a progressive decline thereafter [10,
13, 29]. A slight shift in peak strength was observed
between sexes, with peak values occurring at 30-49
years in men and 40—49 years in women. This minor
discrepancy compared with large transnational data-
sets reporting a peak at 30-39 years [10] may reflect
sample-specific characteristics. The weak Spearman
correlation coefficients observed are likely explained
by the non-monotonic and age-dependent nature of
the age—strength relationship.

In the present sample, the effect of hand domi-
nance on strength measures was selective rather than
generalized. In men, significant differences between
dominance categories were observed only for left-
hand lateral pinch and right-hand tip-to-tip pinch,
whereas in women a significant effect was detected
only for right-hand three-point pinch (Supplemen-
tary Table S4). No consistent dominance-related dif-
ferences were observed for handgrip strength (HGS).

These findings partially contrast with reports de-
scribing a general dominance-related advantage for
both handgrip and pinch strength [13, 14, 18, 34,
36], but are consistent with studies reporting no
systematic differences between dominant and non-
dominant hands [37]. Methodological differences,
particularly the use of between-group dominance
analyses rather than within-subject comparisons,
may have attenuated small individual asymmetries
and contributed to the observed discrepancies.

Finally, all grip and pinch strength measures were
positively and strongly intercorrelated, indicating
a coherent functional profile of manual strength.
Positive correlations were also observed between
contralateral measures (e.g., right vs. left handgrip),
supporting the internal consistency and reliability of
the measurement protocol (Supplementary Tables
S2 and S3).

Beyond the occupational medicine framework,
the availability of national normative reference values
for handgrip and pinch strength has relevant impli-
cations across several medical disciplines. Handgrip
strength is widely recognised as a sensitive and early
marker of neuromuscular function and is routinely
applied in neurology and neurorehabilitation for

monitoring both peripheral and central nervous sys-
tem disorders, including multiple sclerosis, amyo-
trophic lateral sclerosis, peripheral neuropathies,
and post-stroke functional outcomes.

In rheumatology and hand orthopaedics, grip and
pinch strength represent core functional outcomes
in conditions directly affecting hand performance,
such as rheumatoid arthritis, hand osteoarthritis,
Raynaud’s phenomenon, and connective tissue dis-
eases, as well as in the evaluation of recovery fol-
lowing surgical procedures including distal radius
fracture fixation, tendon reconstruction, carpal tun-
nel release, and wrist arthroplasty.

In geriatrics and ageing medicine, handgrip
strength is a recognised diagnostic criterion for sar-
copenia according to the EWGSOP2 consensus
and a robust predictor of mortality, disability, hos-
pitalisation, and cognitive decline. Although the
present study includes individuals up to 65 years of
age, the proposed reference values may represent a
useful baseline for future longitudinal studies inves-
tigating muscle strength trajectories in older Italian
populations.

Further applications extend to internal medicine
and oncology, where grip strength is increasingly
used as a proxy for muscle mass and nutritional sta-
tus in patients with chronic diseases and cancer, and
is incorporated into frailty indices and preoperative
risk stratification tools. In these settings, compari-
son with national reference values may improve the
accuracy of functional assessment and risk clas-
sification. Additional fields of application include
endocrinology and diabetology, sports medicine
and motor sciences, paediatrics, and psychosomatic
medicine, where grip and pinch strength are in-
creasingly employed as integrative functional and
health-related indicators.

From a methodological perspective, the avail-
ability of sex- and age-stratified normative values
derived from an Italian population reduces the
bias associated with the use of North American or
Northern European reference data, which have been
shown to systematically overestimate strength in
Mediterranean populations. This aspect represents
one of the most robust and clinically transferable
contributions of the present study and supports the
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use of these reference values across both occupa-
tional and non-occupational clinical contexts.

5. STUDY LIMITATIONS AND FUTURE
PERSPECTIVES

Several limitations should be acknowledged. First,
specific upper-limb anthropometric measures (e.g.,
limb circumferences, hand dimensions, and forearm
muscle mass), which are known to influence grip and
pinch strength [14, 16, 21], were not collected. In-
clusion of these variables in future studies may help
explain part of the observed variability and allow a
more precise normalization of strength values.

Second, maximal voluntary contraction is inher-
ently effort-dependent and may be influenced by
participant motivation and operator-related factors.
Although standardized ASHT procedures, cali-
brated instruments, and trained assessors were used,
a residual degree of measurement variability cannot
be excluded. Future studies may benefit from stand-
ardized pre-test familiarization procedures, uniform
verbal instructions, and additional practice trials.

'Third, the study population was limited to two
geographical areas and to adults aged 18-65 years
not occupationally exposed to upper-limb biome-
chanical overload. Consequently, the results cannot
be generalized to younger individuals, adults over
65 years of age, or workers exposed to occupational
upper-limb biomechanical risk factors. Expanding
both the sample size and the age range represents an
important objective for future research.

In addition, recruitment during occupational
health surveillance may introduce a potential healthy
worker effect.

Finally, this study did not include formal statis-
tical comparisons with large international datasets.
Such analyses will be addressed in future work to
explore transnational and regional differences and
to contribute to the development of broader norma-
tive reference tables.

Despite these limitations, the present sample rep-
resents one of the largest Italian cohorts currently
available for the normative assessment of hand
strength and provides the first combined national
reference dataset for both grip and pinch strength
in healthy Italian adults.

6. CONCLUSIONS

This study provides the first Italian national joint
normative reference values for handgrip strength and
three pinch strength measures in healthy adults aged
18-65 years. Measurements were conducted according
to the standardized ASHT protocol using calibrated
instruments and trained assessors in a large sample
comprising 319 men and 494 women not occupation-
ally exposed to upper-limb biomechanical overload.

These reference values are directly applicable in
both clinical practice and occupational medicine, in-
cluding the evaluation of surgical and rehabilitative
outcomes, monitoring of injury- and disease-related
functional impairment, assessment of fitness for
work, and prognostic evaluation in frail individu-
als. More broadly, normative strength data support
health, safety, comfort, productivity, and the ergo-
nomic design of tools and tasks. In occupational set-
tings, handgrip strength assessment is particularly
relevant for pre-employment screening, workload
estimation, and return-to-work evaluations.

Although international and some Italian reference
data on handgrip or pinch strength are available,
this study uniquely provides joint normative values
for both grip and pinch strength in a healthy Italian
population. The resulting dataset represents a valua-
ble quantitative contribution to future Italian and in-
ternational reviews and meta-analyses and provides a
robust foundation for the development of more com-
prehensive national normative reference tables.

INSTITUTIONAL REVIEW BOARD STATEMENT: All evalua-
tions performed in the study were included in occupational
risk assessment and health surveillance activities that are
mandatory by law under the Italian D.Lgs. 81/08 (Testo
Unico sulla Salute e Sicurezza sul Lavoro). Consistent with
the criteria established by the Italian Ministry of Health
Decree of 30 January 2023 for observational studies con-
ducted in the context of occupational health monitoring,
formal approval by an Ethics Committee was not required.
All participants provided written informed consent prior to
enrollment. The study was conducted in accordance with the
WMA Declaration of Helsinki and the General Data Pro-
tection Regulation (GDPR, Regulation EU 679/2016).
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APPENDIX
Supplementary Table S1. Hand Dominance by Sex
(Chi-Square Analysis).
Test Value df p value
Pearson > 8.31 3 0.040
Likelihood ratio 8.557 3 0.036
Note: The association was driven by corrected left-handedness.
Supplementary Table S2. Spearman Correlation Matrix — Men.
Lateral  Lateral Tip-
Age BMI GripR Grip L PinchR PinchL TPPR TPPL to-tipR
BMI 0.28*
GripR 012 0.08
GripL -0.11 0.04 0.89™
Lateral Pinch R -0.04 0.12* 0.45** 0.40**
Lateral Pinch L -0.03 0.10 0.44™ 0.47 0.82™
TPPR 0.06 0.09 0.42** 0.39** 0.62%* 0.59**
TPPL 0.11* 0.10 0.40™ 0.41™ 0.58"™ 0.67** 0.85**
Tip-to-tip R 0.12* 0.21% 047 0.47** 0.52** 0.47** 0.63*  0.60**
Tip-to-tipL 0.18™ 0.22™  0.42** 0.46™ 0.41™ 0.50™ 0.51™  0.60** 0.82™*
. Correlation is significant at the 0.01 level (fwo-tailed).
* Correlation is significant at the 0.05 level (fwo-tailed).
*Spearman’ rho. *p < 0.05; *p < 0.01.
R = right hand.
L = left hand.
Supplementary Table S3. Spearman Correlation Matrix — Women.
Lateral  Lateral Tip-
Age BMI GripR GripL  PinchR PinchL TPPR TPPL  to-tipR
BMI 0.28™
GripR -0.11* 0.13™
GripL -0.06 0.13** 0.89**
Lateral PinchR  -0.04 0.16™ 0.46™ 0.40™
Lateral Pinch L. -0.03 0.21** 0.47* 0.47* 0.82**
TPPR 0.08 0.14™ 0.40™ 0.31™ 0.57" 0.55*
TPPL 0.09* 0.19* 0.40** 0.37** 0.51** 0.60** 0.88**
Tip-to-tip R 0.04 0.22** 0.49** 0.45** 0.54** 0.56™* 0.63** 0.60**
Tip-to-tipLL 0.06 0.22™* 0.54™ 0.55™ 0.55™ 0.63™ 0.55™ 0.61** 0.81**

*. Correlation is significant at the 0.01 level (two-tailed).
*. Correlation is significant at the 0.05 level (two-tailed).
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Supplementary Table S4. Effect of Hand Dominance on
Strength Measures (Kruskal-Wallis Test).

Sex Significant variables (p < 0.05)
Men Lateral Pinch Left; Tip-to-Tip Right
Women Three-Point Pinch Right

SupplementaryTable S5. Differences in Strength Measures
Across Age Groups (Kruskal-Wallis Test).

Sex Variables with significant differences
Men BMI; Grip R; Grip L; TPP L; Tip-to-Tip R/L
Women  All tested variables
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ABSTRACT

Background: Preumoconioses remain an important occupational health issue, particularly in low- and middle-income
countries. The International Labour Organization (ILO) Classification standardizes chest radiograph interpretation
but requires trained readers and is affected by inter-reader variability. This study evaluated whether generative mul-
timodal artificial intelligence (Al) models can approximate ILO-based diagnostic reasoning. Methods: Eighty-two
chest radiographs from the official NIOSH B Readers syllabus were analysed using four Al systems (GPT-40, GPT-5,
MedGemma-4B, MedGemma-27B). Each image was evaluated with a standardized prompt based on the 2022 revised
1L.O guidelines using deterministic settings. Model outputs were mapped to ILO codes and compared with the official
answer keys of the ILO Standard Radiograph Set used for B Reader training and examination. Performance metrics
included balanced accuracy, sensitivity, specificity, precision, and Matthews correlation coefficient (MCG). Bootstrap 95%
confidence intervals, McNemars test, and Coben’s k assessed performance variability and agreement. Results: A7/ four
Al models showed moderate diagnostic performance, with balanced accuracy ranging from 60.8% to 70.3%. Sensitivity
remained limited (35.5%—54.9%), while specificity was consistently high (84.6%—86.2%). MedGemma-27B performed
best for small opacities, GPT5 for pleural abnormalities and for technical quality. Large opacities and rare findings were
systematically under-detected. Statistical comparisons showed significant differences between models, although agreement
patterns were broadly similar. Conclusion: A/l AI models partially followed structured ILO radiographic criteria but
did not achieve expert-level performance, confirming that they cannot replace certified B Readers. Larger, real~world
datasets are needed to assess their potential clinical utility as supportive tools in occupational health surveillance programs.

1. INTRODUCTION inhalation of mineral dusts such as silica, coal, and
asbestos [1]. Despite advances in safety standards
Pneumoconioses refers to a group of occupa-  and dust-exposure control, these diseases remain a

tional interstitial lung diseases caused by prolonged =~ major global public health concern. According to
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the Global Burden of Disease 2023 data, approxi-
mately 18700 deaths were attributed to pneumo-
conioses worldwide in 2023, representing an 18%
increase in absolute mortality since 2000, although
the age-standardised death rate declined by 37.6%
over the same period [2]. This discrepancy highlights
the persistent risk of occupational exposure, particu-
larly in the mining, construction, and manufactur-
ing sectors in low- and middle-income countries,
where effective dust mitigation and surveillance
systems remain limited [3]. Given the complex ra-
diographic presentation of pneumoconiosis [4] and
the need for diagnostic consistency across clinical
and surveillance settings, the International Labour
Organization (ILO) developed the International
Classification of Radiographs of Pneumoconioses
to standardize the description and grading of chest
radiographic abnormalities caused by occupational
dust exposure.

This system provides a structured framework
for evaluating image quality, parenchymal opacities
(small and large), pleural abnormalities, and other
findings, ensuring reproducibility and uniform in-
terpretation across readers and countries [5]. In
the United States, the National Institute for Oc-
cupational Safety and Health (NIOSH) adopted
this classification as the reference standard for its
B Reader Program, which certifies physicians who
demonstrate proficiency in the ILO system through
structured training and testing. This certification
ensures high intra- and inter-reader reliability and
remains the cornerstone of pneumoconioses sur-
veillance and compensation programs worldwide
[6, 7]. This methodological rigor reflects a broader
scientific pursuit: the standardization of observa-
tion and reasoning as a foundation of reproducible
knowledge.

Throughout history, humans have sought to
digitize and standardize processes of reasoning and
calculation. From Charles Babbage’s differential
engine [8, 9] and punched-card systems [10], early
mechanical algorithms that inspired modern com-
puting to contemporary data-driven models [11],
the pursuit of reproducibility and efficiency has
been central to scientific progress. In occupational
medicine, the same principle of structured reasoning
underpins the ILO classification, which can itself be

regarded as a diagnostic algorithm, defining explicit
decision steps for classifying radiographic findings
related to dust exposure. Since the First Interna-
tional Conference of Experts on Pneumoconioses,
held in 1930 in Johannesburg, the classification of
radiographs of pneumoconioses has undergone suc-
cessive revisions in 1938 (American), 1944 (Eck
and Hanaut’s), 1948 (Hasselt), 1949 (British) 1950
(Sydney), 1958 (Geneva), 1968, 1971, 1980, 2000,
2011, and most recently in 2022. The initial versions
primarily addressed silicosis, but by 1958 the system
had been broadened to include all types and profu-
sions of linear markings (Geneva classification).

A major advancement occurred in 1968, when
the ILO classification was harmonized with the
International Union Against Cancer (UICC) sys-
tem, thereby extending its scope to encompass all
dust-induced pneumoconioses, including irregular
opacities characteristic of asbestos-related disease.
This classification system was developed to provide
a simple, systematic, and reproducible method for
codifying radiographic abnormalities associated
with pneumoconioses, thereby enabling reliable
international comparisons of data and supporting
epidemiological studies and research, reflecting the
ongoing evolution of scientific methodology and
technology toward greater objectivity and precision
[12, 5, 13]. Since 1950 ILO delivers Guidelines for
the use of the ILO International Classification of
Radiographs of Pneumoconioses in Occupational
Safety and Health Series (No. 22).

The NIOSH began the B Reader program (named
after the Black lung or Coal Workers’ X-ray Surveil-
lance Program) in 1974, with the intent to train and
certify physicians in the ILO Classification system.

Within this historical trajectory, the emergence
of artificial intelligence (AI) and large language
models (LLMs) represents a natural continuation
of the same goal: to enhance accuracy, reproducibil-
ity, and diagnostic reasoning through digital cogni-
tion [14, 15]. Building on the foundations of LLMs,
which process and generate textual information, the
multimodal design allows Al systems to analyze and
reason across both textual and visual data, bridging
structured diagnostic frameworks such as the ILO
classification with image-based interpretation [16].
These generative systems, capable of integrating text
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and image interpretation, could represent a valuable
supportive tool in radiology within occupational
medicine, potentially assisting occupational physi-
cians in applying the classical rule-based framework
of the ILO classification more consistently. Previ-
ous research has explored the use of machine learn-
ing and deep learning algorithms for the automated
detection of pneumoconioses on chest radiographs,
achieving promising diagnostic accuracy [17]. Most
of these models have relied on convolutional neu-
ral networks (CNNs) trained on labelled datasets
[18, 19, 20]. Although some studies have incorpo-
rated the ILO International Classification of Radi-
ographs of Pneumoconioses as a reference standard
to improve grading consistency [21, 22], few have
fully aligned with its structured coding system [23].
More recently, studies have begun to evaluate also
LLMs for general radiographic interpretation tasks
[24, 25, 26, 27], but no published work to date has
assessed multimodal generative models like Chat-
GPT or MedGemma using the ILO 2022 clas-
sification as a diagnostic framework. This pilot
study aimed to comparatively evaluate the diag-
nostic accuracy of four generative multimodal Al
systems (GPT-40, GPT-5, MedGemma-4B, and
MedGemma-27B) in classifying chest radiographs
according to the 2022 revised ILO International
Classification of Radiographs of Pneumoconioses.
The study assessed whether these models could ap-
proximate B Reader level performance and identi-
fied the domains in which current generative Al
systems perform best or remain limited.

2. METHODS
2.1. Dataset and Reference Classification

A total of 82 chest radiographs were analysed,
retrieved in DICOM (Digital Imaging and Com-
munications in Medicine) format, the international
standard to transmit, store, retrieve, print, process,
and display medical imaging information. The
sample size reflects the pilot nature of the study,
which was designed to provide an initial proof-of-
concept assessment rather than definitive statistical
power. All images were obtained from the NIOSH
B Readers syllabus, which includes the official ILO

Standard Radiograph Set used for B Reader training
and examination. The images were viewed using the
NIOSH B Reader software, which enables stand-
ardized visualization for the detection of pneumo-
conioses. Each image had an established reference
classification based on consensus readings by certi-
fied B Readers, following the ILO guidelines. This
classification provides a standardized framework
for describing and quantifying radiographic ab-
normalities caused by occupational dust exposure.
Each radiograph is first assessed for technical qual-
ity (Grades 1-4), with notation of specific defects
such as overexposure, underexposure, poor contrast,
improper positioning, artifacts, scapular superim-
position, or inadequate lung inflation. Once image
quality is deemed adequate, the reader evaluates
parenchymal and pleural abnormalities following
the ILO’s structured format. Parenchymal find-
ings are documented on small opacities, which are
classified by shape, size, profusion, and anatomical
distribution. Shape and size follow the ILO’s six-
category coding system: rounded opacities (p, g, r)
and irregular opacities (s, t, u), each defined by size
ranges illustrated in the ILO standard radiographs
(p/s < 1.5 mm; g/t > 1.5-3 mm; r/u > 3-10 mm).
'The opacities are recorded across upper, middle, and
lower lung zones on each side. Profusion is assigned
using the twelve ordered ILO subcategories (0/- to
3/+), based on comparison with the official refer-
ence radiographs to ensure reproducibility. When
present, large opacities are coded as A, B, or C, ac-
cording to their maximal dimension and the extent
of involvement. Pleural abnormalities are coded for
pleural plaques, diftuse pleural thickening, and cost-
ophrenic angle obliteration. For plaques, the reader
records their site (in profile, face-on, diaphragmatic,
or chest wall), laterality, extent, thickness category
(a,b, or ¢),and calcification. Diffuse pleural thicken-
ing is documented using parallel criteria. Additional
standardized ILO symbols allow relevant associated
findings such as coalescence (ax), emphysema (em),
or evidence of prior tuberculosis (tb) to be noted. In
addition to these morphological domains, the ILO
reading form includes a structured field related to
the clinical relevance of radiographic abnormali-
ties. Specifically, Section 4C requires the reader to
indicate whether the worker should be advised to
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consult a physician because of findings noted on
the radiograph. In this study, this item was ana-
lysed as the “clinical decision” category, reflecting
the integrated judgement that combines technical,
parenchymal, and pleural assessments to support
occupational health management. All radiographs
were anonymized and used exclusively for research
and educational purposes in compliance with NI-
OSH policies. For each radiograph, a reading sheet
consistent with the ILO classification scheme was
available and had been previously completed by
certified human readers. To facilitate direct com-
parison between the human reference classifications
(provided in the official answer keys) and the Al-
generated outputs, all results were transcribed into
a structured Excel database. Each row corresponded
to one radiograph and contained the reference val-
ues. This structure allowed a systematic case-by-case
evaluation of concordance between human and Al
readings across all classification domains.

2.2. Generative AI Models

Four LLMs were evaluated. One of the most
widely known examples of LLMs is ChatGPT, de-
veloped by OpenAl and first introduced in 2022.
Unlike traditional Al systems, ChatGPT is based
on deep learning transformer architectures [28]
trained on vast text corpora, enabling the model to
analyse, synthesize, and generate natural language.
Over time, OpenAl has continuously improved its
models [29]. The GPT-4 series, released in March
2023, introduced multimodal capabilities allowing
simultaneous interpretation of text and images. The
enhanced GPT-40 (“omni”), officially released on
May 13, 2024, unified text, vision, and audio pro-
cessing within a single model architecture, greatly
improving reasoning speed and visual comprehen-
sion (https://openai.com/index/hello-gpt-40/). In
August 7,2025, OpenAl announced GPT-5, its lat-
est multimodal model, expanding contextual depth,
visual alignment, and multi-turn reasoning per-
formance (https://openai.com/index/introducing-
gpt-5/). For this study, the GPT-40 and GPT-5
multimodal models were tested, both capable of
processing textual and visual inputs within a uni-
fied reasoning framework. Also, two variants of the

MedGemma model were employed: MedGemma-
4B and MedGemma-27B. MedGemma is an open,
multimodal foundation model designed for health-
related Al applications and released by Google
DeepMind in 2024. The 4B model is a multimodal
system (~4 billion parameters) that combines text
and image understanding through a SigLIP (Sig-
moid Loss for Language-Image Pretraining)-based
visual encoder pretrained on medical images (chest
radiography, dermatology, pathology). The 27B
model (~27 billion parameters) is a larger-scale ar-
chitecture optimized for medical reasoning; in this
study, we specifically used its multimodal version,
capable of processing both textual and visual in-
puts. Both models are openly available for research
through the official DeepMind repository (https://
deepmind.google/models/gemma/medgemma/).
All LLMs evaluations were conducted on Septem-

ber 22, 2025.
2.3. Input Data and Prompting Procedure

All models (GPT-40, GPT-5, MedGemma-4B
and MedGemma-27B) were applied without addi-
tional fine-tuning, using a standardized prompt and
textual context from the ILO classification guide-
lines to ensure consistent task interpretation [30].
'The primary prompt was formulated as follows:

Assume the role of an occupational physician spe-
cialized in chest radiography. You are trained according
to the 2022 revised edition of the ILO International
Classification of Radiographs of Pneumoconioses.
Based on this classification, analyse and report the chest
X-ray image provided. Structure your report strictly
Sfollowing the ILO 2022 criteria’.

This prompt was then integrated with the full
2022 revised ILO International Classification
guidelines. For all model runs, the following system
parameters were used to ensure consistency and re-
producibility of outputs. The temperature was set to
0.0, making every response fully deterministic, so
identical cases yield identical results regardless of
when or how often the prompt is run. The maxi-
mum token limit was 4096, which allowed for de-
tailed and complete classification reports. A greedy
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decoding strategy (argmax) was applied, and top-p
(nucleus sampling) was not utilized due to the zero-
temperature setting. These settings ensured that the
output for each prompt was stable and not subject to
random sampling variation.

The prompt was crafted to maximize consist-
ency and clarity across all model outputs, reflecting
practical priorities in occupational radiology. By re-
quiring outputs in a strict JSON schema mapped to
the ILO coding system, the structure and format of
each model’s answer align directly with official cri-
teria, eliminating ambiguity and simplifying down-
stream analysis. Assigning an explicit role (certified
B Reader) instructs the model to adopt the mindset
and approach of a trained occupational physician,
which guides its interpretation toward domain-
specific standards and reasoning.

Inclusion of the full ILO guidelines in the
prompt removes the need for the model to rely on
memory or incomplete information, ensuring that
every classification is made with direct reference to
the current standard. This comprehensive context
supports both accuracy and fairness in evaluation,
allowing each model to perform as if it were con-
sulting the primary source material, just as a human
expert would.

2.4. AI-Based Image Analysis

For each image, a new independent conversation
was initiated with the LLIM. This design simulated the
workflow of an occupational physician performing a
B Reader evaluation, allowing the model to generate
a case-specific report based solely on the information
contained in the image and the official ILO frame-
work. By isolating each case in a distinct conversa-
tional environment, the study minimized inter-case
contamination and ensured that the model’s reason-
ing and descriptive output reflected a de-novo evalu-
ation for every radiograph. As outlined above, each
classification produced by the models was stored in a
structured JSON output for subsequent analysis.

2.5. Evaluation and Comparison

'The Al-based classifications were compared with
the reference (human) classifications across all 82

images. For each model and each image, the pre-
dicted outputs were aligned with the corresponding

ILO 2022 reference codes. The following perfor-

mance metrics were calculated [31, 32, 33]:

- Sensitivity (Recall): proportion of pathologi-
cal cases correctly identified by the model.

- Specificity: proportion of normal cases cor-
rectly identified as negative.

- Precision (Positive Predictive Value, PPV):
probability that a case predicted as patho-
logical is truly positive.

- Balanced Accuracy: mean of sensitivity and
specificity, giving equal weight to both classes
and minimizing class imbalance bias.

- Matthews Correlation Coefficient (IMCC):
overall correlation between predicted and
true classifications, ranging from —1 (inverse
correlation) to +1 (perfect agreement).

Additionally, category-specific analyses were
conducted according to the ILO coding structure
(technical quality, small and large parenchymal
opacities, pleural abnormalities, and other findings)
to identify the areas of highest and lowest consist-
ency across models. To examine the effect of class
imbalance on model behaviour, we also computed
the Class Imbalance Ratio for each ILO category,
defined as the ratio between the number of nega-
tive and positive cases predicted by the model. This
metric provides an indication of whether the model
tends to over-predict normal findings or pathologi-
cal findings. Lower ratios indicate a greater tendency
to detect positive cases, which is clinically relevant
for screening applications. This analysis was explor-
atory and descriptive, and no inferential statistical
testing was performed. All metrics were computed
using full numerical precision.

2.6. Statistical Analysis

To assess performance differences among mod-
els, we conducted a comparative statistical analysis
across all predictions. McNemar’s test was applied
for pairwise comparisons of classification errors
between models, with a y* statistic and a signifi-
cance threshold set at p<0.05. In addition, bootstrap
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resampling with 1,000 iterations was used to esti-
mate 95% confidence intervals for balanced accuracy,
sensitivity, specificity, PPV and MCC, providing a
robust assessment of performance variability. Inter-
model agreement was further evaluated using Co-
hen’s kappa (k), interpreted according to standard
qualitative thresholds (from poor to almost perfect
agreement). All analyses were performed on paired
predictions derived from the same radiographic
dataset, ensuring a valid and direct comparison
across Al systems. All performance metrics and
all statistical analysis were computed using Python

(SciPy v1.11).
3. RESULTS

3.1. Overall Model Performance

The comparative performance of the four gen-
erative. Al models is summarized in Table 1.
Among them, MedGemma-27B achieved the
highest overall balanced accuracy (70.28%), fol-
lowed by GPT-40 (69.43%), GPT-5 (65.45%), and
MedGemma-4B (60.84%). MedGemma-27B also
obtained the highest sensitivity (54.91%) and pre-
cision (PPV) (48.34%), while MedGemma-4B re-
corded the best specificity (86.22%) but the lowest
sensitivity (35.45%), indicating a more conservative

classification pattern. The MCC ranged from 0.206

(MedGemma-4B) to 0.387 (MedGemma-27B),
suggesting moderate diagnostic correlation with the
human reference standard.

3.2. Category-Specific Analysis

The analysis by ILO category revealed marked
heterogeneity in diagnostic performance across the
different models. When assessing technical quality,
GPT-40 achieved the highest balanced accuracy
(62.0%), slightly outperforming GPT-5 (60.8%)
and MedGemma-27B (59.6%), indicating a rela-
tively better ability to recognize image adequacy
and exposure-related artifacts. For small paren-
chymal opacities, MedGemma-27B demonstrated
the most consistent performance, with a balanced
accuracy of 59.0% and a sensitivity of 80.2%, sug-
gesting a greater capacity to detect subtle parenchy-
mal changes compared with the other models. All
models struggled with large opacity classification.
GPT-40, GPT-5, and MedGemma-27B showed
balanced accuracies of 50% due to complete fail-
ure to detect any large opacities. MedGemma-4B
showed improved performance (75% balanced accu-
racy), but its sensitivity of 50% still indicates limited
clinical reliability. In contrast, pleural abnormalities
were identified with comparatively higher accuracy,
particularly by GPT-5, which achieved the best-
balanced accuracy (71.8%). This finding is of clinical

Table 1. Overall diagnostic performance of four generative Al models for ILO pneumoconioses classification. Balanced
Accuracy, Sensitivity (Recall), Specificity, Precision (PPV), Matthews Correlation Coeflicient (MCC) are reported for each
model, along with their corresponding 95% confidence intervals. All metrics are reported as percentages, except the Matthews
Correlation Coeflicient (MCC), which is reported on its natural scale (-1 to +1), with confidence intervals expressed on the

same scale.
Metric GPT-40 GPT-5 MedGemma-27B MedGemma-4B
Balanced Accuracy 69.43% 65.45% 70.28% 60.84
(95% CI) (67.24-71.81) (63.29-67.80) (68.16-72.69) (58.60-63.97)
Sensitivity (Recall) 54.08% 46.31% 54.91% 35.45%
(95% CI) (50.00-58.39) (42.56-50.40) (50.79-59.37) (30.81-44.17)
Specificity 84.78% 84.59% 85.66% 86.22%
(95% CI) (83.84-85.76) (83.62-85.58) (84.96-86.40) (82.22-87.76)
Precision PPV 46.28% 41.95% 48.34% 31.43%
(95% CI) (44.10-48.50) (39.69-44.12) (45.90-50.71) (28.98-34.52)
MCC 0.367 0.298 0.387 0.206

(95% CI)

(0.330-0.410)

(0.257-0.337)

(0.349-0.426)

(0.168-0.251)
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relevance, as pleural irregularities often represent
early or coexisting manifestations of asbestos-related
disease. Performance for other abnormalities was
uniformly poor across all models, with sensitivity
values below 11%, indicating that atypical or less
frequent radiological signs are still poorly recog-
nized by current generative Al. Finally, the clinical
decision category, which integrates multiple features
into an overall interpretative judgment, showed only
moderate consistency across systems, with balanced
accuracies ranging from 50% to 55%. GPT-5 shows
the best performance in this category with 54.83%
balanced accuracy. However, sensitivity is concern-
ing (21.43%), indicating potential missed cases. No
model clearly outperformed the others in this in-
tegrative diagnostic domain, suggesting that while
Al systems can approximate human scoring in indi-
vidual parameters, the holistic synthesis required for
final classification remains challenging.

3.3. Class Balance and Overall Reliability

Technical quality yields uniformly low sensitivity
and precision, while MedGemma-27B achieves the
best recall for small opacities, though with only mod-
erate precision. Performance collapses for large opaci-
ties, with all models showing perfect sensitivity but no
specificity. Pleural abnormalities represent the only
domain with a more favorable precision—recall balance,

with GPT-5 and MedGemma-27B performing best.
3.4. Statistical Validation of Model Performance
Pairwise McNemar’s tests showed statistically

significant differences across all model comparisons
(all p < 0.001), confirming non-equivalent error

distributions. GPT-40 significantly outperformed
GPT-5 and MedGemma-4B, while MedGemma-
27B  significantly outperformed GPT-5 and
MedGemma-4B. Bootstrap analysis (1,000 resam-
ples) demonstrated robust stability of performance
estimates across all models, with narrow confidence
intervals indicating limited variability in resampled
performance metrics. Among the evaluated systems,
MedGemma-27B achieved the highest balanced
accuracy (70.28%, 95% CI: 68.16-72.69) and MCC
(0.387, 95% CI: 0.349-0.426), suggesting a more
favourable trade-off between sensitivity and speci-
ficity. GPT-40 ranked second overall, exhibiting
slightly lower sensitivity but comparable specificity,
while GPT-5 showed moderate degradation across
all metrics, particularly in recall (46.31%, 95% CI:
42.56-50.40). In contrast, MedGemma-4B dis-
played the lowest discriminative capacity, consist-
ent with its reduced sensitivity and MCC. Cohen’s
K agreement scores confirmed high consistency in
model decision patterns, with almost-perfect agree-
ment between GPT-40 and MedGemma-27B (x =
0.9191), and substantial agreement between all re-
maining pairs (k = 0.6659-0.8691). These findings
show that although MedGemma-27B and GPT-
40 were statistically superior, all models tended to
produce similar judgment trends, with disagreement
mostly concentrated in borderline ILO categories.
Statistical analysis is shown in Table 2.

4. DISCUSSION

Crucially, these results reaffirm that the ultimate
diagnostic responsibility and clinical judgment must
remain with the occupational physician. Al sys-
tems should be viewed strictly as supportive tools

Table 2. Statistical comparison between generative Al models on ILO pneumoconioses classification performance.

Model Comparison McNemar p-value Cohen’s k
GPT-40 vs GPT-5 93.582 <0.001 0.8691
GPT-40 vs MedGemma-27B 11.753 <0.001 0.9191
GPT-40 vs MedGemma-4B 245.263 <0.001 0.7002
GPT-5 vs MedGemma-27B 67.189 <0.001 0.8484
GPT-5 vs MedGemma-4B 33.914 <0.001 0.7101
MedGemma-27B vs MedGemma-4B 141.103 <0.001 0.6659
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designed to assist, rather than replace, human exper-
tise in occupational health practice. While models
were prompted to follow the structured logic of the
ILO classification, we did not evaluate internal rea-
soning pathways; no claims are made regarding their
ability to reproduce human cognitive mechanisms.

Recent studies have explored automated detec-
tion of pneumoconiosis using deep learning applied
to chest radiographs. Conventional CNN-based
approaches have reported strong performance, typi-
cally achieving accuracy between ~90% and 98% or
AUC values above 0.90 in binary detection tasks and
simplified multi-class staging [19,20,34]. Advanced
attention-based architectures have further improved
feature extraction from lesion-specific regions[35].
Earlier work relying on handcrafted features dem-
onstrated feasibility but was limited by small data-
sets and non-standard classification schemes [36].
Hybrid pipelines combining lung segmentation
with classical machine-learning classifiers showed
promising performance when incorporating ILO
guidance, although they did not reproduce full
ILO scoring [22]. In parallel, early initiatives using
LLM-based strategies for pneumoconioses imaging
suggest emerging opportunities for multimodal Al
in occupational radiology [24], while other studies
emphasize the need for robust, scalable Al solu-
tions, especially in low-resource settings [37].

In contrast to these studies, our work is, to our
knowledge, the first to systematically evaluate
generative multimodal Al systems in a zero-shot
setting using the complete revised 2022 ILO clas-
sification. 'This approach reflects realistic clinical
deployment scenarios, in which pre-trained models
are used without re-training. Certified B Readers
remain the gold standard for radiographic diagno-
sis of pneumoconioses according to ILO guidelines.
The NIOSH certification examination using a digi-
tal set (revised 2022) requires candidates to classify
72 chest radiographs within four hours covering the
tull range of technical quality and pneumoconiotic
findings, with performance compared against ex-
pert reference standards. Despite formal certifica-
tion, substantial intra- and inter-reader variability
has been documented among B Readers [38]. Such

variability reflects the perceptual and cognitive

demands of applying the full ILO rubric, particu-
larly in borderline profusion grades, subtle pleural
abnormalities, and distinction between dust-related
and non-occupational changes. As highlighted
by the Italian experience with ILO certification
courses [39] and consistent with NIOSH data, the
mean passing rate for initial B Reader certification
between 1987 and 2018 was only about 40% [7].
'This confirms the intrinsic perceptual and cognitive
complexity of radiographic diagnosis according to
the ILO classification system. In this context, the
balanced accuracy observed for the Al models in
this study, although obtained on a smaller dataset of
82 images, may approximate the performance typi-
cally achieved by less experienced human readers.
Variability across investigated models may also par-
allel the inter-operator variability observed among
human readers. By potentially reducing inter-reader
variability and serving as a ‘second reader’ or pre-
screening tool, such Al applications could ultimately
enhance the protection of worker health through
more consistent and timely disease detection in oc-
cupational surveillance programs [7].

4.1. Limitations and Future Perspectives

This pilot study has several limitations that
should be acknowledged. The relatively small data-
set and the reliance on standardized training images
may limit the generalizability of results. Difterences
in image quality as well as variability in resolution
and inspiratory phase, could have influenced both
human and Al interpretations. From an algorithmic
standpoint, generative Al systems may exhibit hal-
lucinations or reasoning biases depending on their
training data which likely constrained diagnostic
precision. Methodologically, each image was ana-
lysed through a standardized prompt and the 2022
ILO guidelines, simulating a structured B Reader
workflow. Although this ensured consistency, future
research could test alternative paradigms such as in-
teractive or iterative readings that simulate real-time
reasoning. Furthermore, future evaluations should
aim to reproduce the operational conditions of the
official NIOSH B Reader certification examination,
which historically required candidates to classify
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approximately 72 chest radiographs within four
hours [7]. Replicating these temporal and quantita-
tive parameters would allow a more realistic bench-
marking of multimodal Al systems against human
performance, assessing not only diagnostic accuracy
but also efficiency and cognitive consistency under
standardized testing constraints. Expanding the
evaluation to additional multimodal architectures
beyond GPT and MedGemma could also clarify
whether diagnostic reliability depends more on
model design or prompt structure. Statistical power
was limited by the small sample size, which may
have reduced the ability to detect subtle between-
model differences. Additionally, no human B Reader
re-assessment of the reference labels was performed;
the study relied on the original NIOSH-certified
readings as the diagnostic gold standard. While this
approach reflects real-world reference conditions,
subsequent work should include dual-reader ad-
judication to evaluate model-human agreement in
parallel with human-human reproducibility. Further
research should include larger and more heteroge-
neous datasets, explore domain-specific fine-tuning,
and assess intra- and inter-reader variability to
benchmark Al reproducibility against human per-
formance. In this context, multimodal generative Al
could become a valuable tool for supporting train-
ing, pre-screening, and comparative research, con-
tributing to greater consistency and harmonization
in the radiological diagnosis of pneumoconioses.

5. CONCLUSION

The ILO Classification of Pneumoconioses and
the NIOSH B Reader Program represent decades
of coordinated international efforts to standardize
occupational lung disease surveillance. While the
B Reader certification program has long served to
enhance standardization and reduce inter-reader
variability, its effectiveness remains incomplete -
particularly in complex or borderline cases where
subjective judgment plays a substantial role, un-
derscoring the need for transparent and impartial
diagnostic processes. In this context, Al integra-
tion holds promise not only for improving diag-
nostic accuracy but also for reducing variability and

increasing efficiency across large-scale screening
programs.

'This study presents the first evaluation of genera-
tive Al applied to the 2022 ILO International Clas-
sification of Radiographs of Pneumoconioses. By
testing four LLMs (GPT-40, GPT-5, MedGemma-
4B, and MedGemma-27B), the research explored the
feasibility of using multimodal Al within a standard-
ized diagnostic framework. Although current per-
formance remains limited, the results suggest that
these models may begin to approximate the struc-
tured reasoning process underlying the ILO system.
These findings highlight both the potential and the
current limitations of multimodal Al in radiology
applied to occupational medicine, particularly in the
diagnostic assessment of pneumoconioses and pro-
vide a methodological basis for future work aimed
at improving accuracy, consistency, and interpretive
transparency. As Al systems continue to evolve, the
most promising future lies in a human-Al interface —
where technology augments the expertise of B
Readers, improving both efliciency and consistency
while retaining essential human oversight and clini-
cal responsibility. Achieving this vision will require
sustained collaboration among Al developers, occu-
pational health professionals, regulatory authorities,
and worker communities to ensure that these power-
tul tools fulfill their ultimate purpose: safeguarding
worker health through timely and accurate disease
detection, firmly grounded in the principles of occu-
pational medicine, without neglecting ethical aspects.
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ABSTRACT

Background: Alcohol consumption is an important occupational risk factor, especially in safety-sensitive sectors such as
construction. Alcohol-related psychomotor impairment may increase the risk of workplace injuries and may also affect
the safety of third parties. However, data on alcohol-related behaviors, workers’ risk perception, and alcohol-focused
health surveillance among Italian construction workers are still limited. Methods: We conducted a cross-sectional
survey between September 2023 and June 2024 in 315 construction workers employed in small Italian companies.

All participants performed work activities for which local legislation mandates alcohol-use and alcohol-dependence
checks as part of occupational health surveillance. Data were collected through an anonymous 27-item questionnaire
exploring sociodemographic characteristics, alcohol consumption (AUDIT-C; cut-off 25 for men and 24 for women),

alcohol use at work, knowledge of national regulations, alcohol-related risk perception, and accident/injury indicators.

Nonparametric tests and multivariable linear regression were used fo identify factors associated with AUDIT-C scores.

Logistic regression analyses examined associations between perceived alcohol-related risks and awareness of, and expo-

sure to, alcohol-dependence checks during health surveillance. Results: 75 sample was predominantly male (274/315;
86.98%), and 26.03% of workers were aged 46=55 years. The mean AUDIT-C score was 2.85+2.49 (3.13+2.47 in

men; 0.95+1.75 in women); 32.7% of workers screened positive, mainly men. Alcobol consumption during the work

shift was reported by 1.9% of participants (7.94% occasionally), and during breaks by 5.08% (19.37% occasionally).

Most workers were aware of the workplace alcohol ban (90.48%), and 83.49% reported having undergone alcohol-

related checks. Higher AUDIT-C scores were associated with alcohol consumption during the work shift and occasional
drinking during breaks. Conclusions: Although average AUDIT-C scores were not high, a relevant subgroup of
workers showed risky drinking patterns and some alcohol consumption at work. These findings highlight the need to

strengthen prevention strategies and ensure consistent alcohol-related health surveillance in construction settings.

1. INTRODUCTION its effects on human health and its potential social
consequences [1]. From a health perspective, scien-
Alcohol consumption is currently one of the big-  tific evidence has demonstrated that alcohol con-

gest challenges in public health, both because of = sumption is associated with a causal link to over
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200 three-digit disease and injury codes in the In-
ternational Statistical Classification of Diseases and
Related Health Problems —10% Revision (ICD-10)
[2], the most important of which are malignant
neoplasms, mental, behavioral and neurological dis-
orders, cardiovascular and gastrointestinal diseases
[3]. In this regard, the Global Burden of Disease
Study 2016 showed that, globally, 2.8 million deaths
and 1.6%-6% (for females and males, respectively)
of total Disability-Adjusted Life Years (DALYs)
might be attributed to alcohol use [4]. On the other
hand, alcohol consumption represents a significant
impediment to the full achievement of several goals
(SDGs) of the 2030 Agenda for Sustainable Devel-
opment such as halve the number of global deaths
and injuries from road traffic accidents (SDG 3.6),
eliminate all forms of violence against all women and
girls in the public and private spheres (SDG 5.2),
reduce all forms of violence and related death rates
everywhere (SDG 16.1) and end abuse, exploitation,
trafficking and all forms of violence against and tor-
ture of children (SDG 16.2). Therefore, taking into
account these considerations, it is not surprising that
the World Health Organization (WHO), pointing
out the urgent need for comprehensive strategies
and policies to address alcohol-related issues and
raise awareness about alcohol-related risks, devel-
oped the “Global Alcohol Action Plan 2022-2030”
to define and boost the effective implementation of
goals and actions to reduce the harmful use of alco-
hol and related morbidity, mortality and social con-
sequences [3]. Interestingly, the previous document
also highlighted how the harms deriving from alco-
hol consumption can have significant consequences
not only for the drinker but also for their social and
work relationships (e.g., family members, friends
and co-workers) and, in particular, in this context,
special emphasis is placed on road traffic injuries [3].
In this context, WHO estimates indicated that
in 2016, of the 0.9 million injury deaths attribut-
able to alcohol (accounting for 28.7% of all alcohol-
attributable deaths worldwide), 370,000 were due to
road injuries, and of these, 187,000 alcohol-attributable
deaths occurred among people other than drivers
[5]. This aspect is particularly relevant from an oc-
cupational medicine perspective, since the psycho-
active effects of alcohol (e.g., drowsiness, impaired

judgment and decision-making, slowed thinking
and reaction time) [6] increase the risk of accidents
at work, particularly in certain specific working ac-
tivities (i.e., professional driving) or work environ-
ments (i.e., construction or agricultural sectors)
where maintaining optimal perception, attention,
and psychomotor coordination is essential [7-10].
In this regard, it is worth noting that, although it
is particularly complex and difficult to determine
the role of alcohol consumption in the occurrence
of work-related injuries, it has been estimated that
10-30% of workplace accidents are alcohol-related,
and that problem drinkers face a 2—4 times higher
risk of experiencing a workplace accident than non-
drinkers [11]. Therefore, although precise figures for
the number of these alcohol-attributable adverse
events are unavailable, it is widely recognized that
alcohol consumption might play a significant causal
role, especially in working activities with a higher
inherent risk of injury [12-16]. In Italy, occupational
health surveillance primarily focuses on protecting
workers” health and safety while also considering
the potential risks to third parties from alcohol-
impaired work-related conduct. However, across
Europe, approaches to alcohol-related issues in the
workplace remain highly fragmented and heteroge-
neous, reflecting substantial differences in legislative
frameworks, regulatory strategies, and organiza-
tional practices [17].

Therefore, it is quite evident that addressing alco-
hol consumption in the workplace (whether habit-
ual or occasional) clearly constitutes a fundamental
pillar of strategies and policies aimed at preventing
occupational accidents. For example, in Italy, the
framework law on alcohol and alcohol-related prob-
lems (Law No. 125/2001) introduced a ban on the
consumption and serving of alcoholic beverages and
spirits for certain work activities that entail a high
risk of workplace accidents and include, among oth-
ers, the healthcare professions, teaching activities,
road vehicle driving, and work at heights exceeding
two meters listed in the resolution adopted by the
Permanent Conference for Relations between the
State and the Regions. In addition, the main frame-
work on occupational health and safety (Legislative
Decree 81/08) provides that, in conducting different
health-surveillance medical examinations (for those
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workers who effectively perform the aforementioned
working tasks) the occupational physician (OP) must
also assess the alcohol dependence and the use of psy-
chotropic and narcotic substances, in order to protect
both workers”health and safety and the safety of third
parties. However, screening employees for alcohol use
in the workplace is a complex and contentious topic
involving moral, ethical, and practical issues. Regard-
ing this latter aspect, although assessing the absence
of alcohol consumption is mandatory, it is important
to highlight that clear, unequivocal guidance on the
conditions and methods for conducting this assess-
ment remains lacking.

In this context, the present study examined risk
perception of workplace accidents associated with
alcohol use among a sample of construction workers
undergoing targeted occupational health surveillance
designed to monitor alcohol consumption at work
and to identify alcohol dependence-related problems,
to pinpoint gaps and critical issues in current practice
and consequently to inform improvements to exist-
ing measures for the prevention of, and protection
from, alcohol-related occupational accidents.

2. METHODS
2.1. Setting and Participants

This cross-sectional study was conducted between
September 2023 and June 2024 in a convenience
sample of Italian construction workers employed by
several small companies (10-30 employees) operat-
ing in the construction sector in a region of Southern
Italy. Eligibility for participation in the survey, and
consequent inclusion in the study, required: (i) em-
ployment as a construction worker, (ii) performance
of at least one work activity included in the resolu-
tion of the Permanent Conference for Relations be-
tween the State and the Regions, (iii) age 218 years
and (iv) provision of written informed consent to
participate and to the potential future publication of
the results in anonymized, aggregated form.

2.2. Recruitment Strategy and Data Collection

A convenience sampling strategy was adopted.
Initially, OPs (as well as other professionals involved

in the occupational safety and health system) work-
ing locally with construction companies (where ac-
tivities and tasks were performed that, for selected
groups of workers, required mandatory assessment
of alcohol use) were contacted. After being informed
of the study’s purpose, sampling strategy, and data
collection and analysis procedures, the professionals
were asked to assist in recruiting workers from their
companies. Subsequently, in the companies identi-
fied through this process, workers potentially eligi-
ble for the study (according to the above-mentioned
inclusion criteria) were invited to participate in the
survey. Workers were informed about the aims, study
protocol, and methodologies during routine occupa-
tional health surveillance or training activities. They
were invited to participate voluntarily, and the ques-
tionnaire was completed anonymously. A link to the
online questionnaire (hosted on the Microsoft plat-
form) was sent to all subjects who expressed interest
in participating in the study. In this regard, it should
be noted that access to the survey questionnaire was
conditional on reading an information cover let-
ter, which reiterated the details previously provided
to potential participants regarding the aims of the
study and the related data collection and data pro-
cessing procedures. Likewise, the actual filling in of
the questionnaire was contingent upon participants’
confirmation of informed consent, both to take part
in the study and to the potential future publication
of the results in anonymized and aggregated form.
All data were collected anonymously, and no infor-
mation that could identify individual participants
was recorded at any stage. The study received ethical
approval from the local Ethics Committee for Sci-
entific Research (CERS) (Comitato Etico Territo-
riale Lazio Area 3, protocol ID 6014/2023) and was
conducted under the principles of the Declaration

of Helsinki.
2.3. Questionnaire

In line with the aims of the present study, a struc-
tured questionnaire was developed to obtain valu-
able information on issues related to the topic under
investigation.

'The questionnaire consisted of 5 sections, totaling
27 items. The first section (7 items) investigated the
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participants’ socio-demographic characteristics. The
second part is related to the habits regarding alcohol
consumption with the use of the Alcohol Use Dis-
orders Identification Test-Consumption (AUDIT-
C, the cut-off level was set to >4 for women and >5
for men) test [18] and three further questions on
alcohol consumption habits at work and the pos-
sible presence of alcohol-related problems within
the family. In this regard, it should be noted that
the AUDIT-C questionnaire was completed as-
suming that one alcoholic drink corresponds to 12
grams of alcohol, which is equivalent to 330 ml of
beer, a standard glass of wine, or a serving of spirits.
The third section (5 items) was elaborated to assess
knowledge of current national laws and regulations
on alcohol consumption in the workplace, whereas
the fourth section (3 items) asked about alcohol-
related risk perception. The fifth and final section
(5 items) investigated any injuries or accidents that
may be potentially alcohol related. With the excep-
tion of the items included in the short version of the
AUDIT tool, the other survey items and questions
could not be directly extrapolated or adapted from
any existing questionnaire and consequently they
were developed specifically for this study, drawing
on prior experience, the available literature, and the
current Italian regulatory framework for the control
of alcohol use in workplaces, with the aim of obtain-
ing reliable data on the variables of interest [19].

2.4. Statistical Analysis

We performed descriptive statistics to character-
ize the socio-demographic aspects of participants
and the characteristics of the study variables, which
were presented as frequencies and percentages. To
study the correlation between the AUDIT-C score
and the categorical variables, we performed nonpar-
ametric tests: for the dichotomic variable, we used
the Mann-Whitney U test, and for the variable with
more than two groups, we used the Kruskal-Wallis
test. In a second stage, the variables showing signifi-
cant associations in bivariate analyses were entered
together in a final multiple linear regression. No
formal correction for multiple comparisons was ap-
plied, as the analyses were primarily exploratory and
aimed at identifying potential associations between

alcohol consumption patterns and occupational
safety indicators. To analyze the collected data, we

used STATA 16.
3. RESULTS

3.1. Socio-Demographic Characteristics
of Participants

The population surveyed consisted of a final sam-
ple of 315 construction workers, predominantly
male (n=274, 86.98%). Twelve persons (3.81%) had
completed primary school; most participants had
completed secondary or lower secondary school
(n=216, 68.57%; n=70, 22.22%, respectively), while
only 5.40% (n=17) of recruited workers held a uni-
versity degree. With regard to the specific occupa-
tional task (namely, work activities for which health
surveillance is also mandated with respect to alco-
hol consumption), most workers were employed
as bricklayers (n=83, 26.35%), followed by general
construction laborers (n=72, 22.86%). In this regard,
it is noteworthy that approximately two-thirds of
the study population had a long length of service
(33.97% and 32.38% in the range of 5-15 years and
16-30 years, respectively), a finding of particular rel-
evance given that limited professional experience
has been identified as an important determinant of

work-related injury [20].

3.2. Alcohol Use Disorders Identification
Test-Consumption (AUDIT-C) and Alcohol
Consumption Habits in the Workplace

InTable 1, the information obtained from the ad-
ministration of the AUDIT-C tool and the findings
concerning the alcohol consumption habits in the
workplace and alcohol-related issues in the family
are reported. Overall, in the entire study population,
the mean AUDIT-C score was 2.85+2.49, thus in-
dicating that alcohol consumption was not generally
indicative of problematic drinking patterns. How-
ever, the results also showed a marked gender differ-
ence, as the mean score was higher in male than in
female workers (3.13+2.47 vs 0.95+1.75), suggest-
ing a greater tendency toward hazardous drinking
among men. This interpretation would be further
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Table 1. Results on alcohol consumption habits (section 2 of the questionnaire).

AUDIT-C mean scores — Entire study population (n=315)

Mean score

Reference groups (£SD) AUDIT-C range of scores
All workers 2.85+2.49

Male workers (n=274) 3.13+2.47 0-12

Female workers (n=41) 0.95+1.75

AUDIT-C mean scores — Participants with a positive AUDIT-C score* (n=103, 32.7%)

Reference groups

All workers
Male workers (n=99)

Female workers (n=4)

Mean score

AUDIT-C range of scores

Alcohol consumption habits in the workplace and alcohol-related issues in the family

Alcohol consumption during the work shift —n (%)

Alcohol consumption during work breaks —n (%)

Family history of alcohol-related issues — n (%)

(xSD)
5.82+1.43 4-12
5.84+1.44 5-12
5.5+1.29 4-12
Yes 6 (1.9%)
No 284 (90.16%)
Occasionally 25 (7.94%)
Yes 16 (5.08%)
No 238 (75.56%)
Occasionally 61 (19.37%)
Yes 66 (20.95%)
No 249 (79.05%)

*A positive AUDIT-C score (indicative of potentially hazardous alcobol consumption) is defined as a score 25 for men and 24 for

women.

corroborated by data among participants with a
positive AUDIT-C score, since the percentage of
male workers who tested positive in the AUDIT-
C was 32.7%, while this percentage fell to 9.75%
among female colleagues (however this gender-
specific result should be considered with caution
given the substantial imbalance in the number of
male (n=274) and female (n=41) participants which
may affect the precision and comparability of the
data). Interestingly, the average scores observed in
the different groups of workers (total, males and fe-
males) who tested positive in AUDIT-C were es-
sentially comparable to each other.

Regarding the workplace context, alcohol con-
sumption during the work shift was rarely reported
(1.9% and 7.94% of participants answered “yes” and
“occasionally”, respectively) but higher frequen-
cies were observed during work breaks (5.08% and

19.37% for “yes” and “occasionally” options, respec-
tively). This finding has been particularly surprising
because Italian Law No. 125/2001 explicitly prohib-
its both the consumption and the serving of alcoholic
beverages in the workplace for the working activities
associated with a higher risk of occupational injuries
(such as those performed by the workers included in
this study). At the same time, this data is also par-
ticularly worrying as a non-negligible proportion of
workers reported alcohol consumption in the work-
place, which may have implications for safety, job
performance, and the risk of work-related accidents.

Finally, concerning the last item in this section
(that evaluated whether participants had relatives
with known alcohol-related issues), 20.95% of the
sample reported a family history of alcohol-related
problems, which might represent a vulnerability or

hyper-susceptibility (if only psychological) factor
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for a greater tendency toward possible risky alcohol
consumption.

3.3. Knowledge of Current National Laws About
Alcohol Consumption in the Workplace

The items in this section of the survey explored
participants’ level of knowledge regarding the main
Italian laws regulating alcohol consumption in the
workplace (Law No. 125/2001) as well as the related
control measures implemented through occupational
health surveillance as provided for by Legislative
Decree 81/08. In this context, previous information
on occasional alcohol consumption in the workplace
appears even more remarkable in light of the fact
that most workers (90.48%) were aware that Italian
Law No. 125/2001 prohibits alcohol consumption
at work, and a similarly high proportion (89.84%)
knew that occupational health surveillance may in-
clude controls to check alcohol dependence.

Importantly, 83.49% of workers were actually
subjected (during health surveillance medical ex-
aminations) to tests aimed at assessing alcohol de-
pendence, which effectively demonstrates that such
control measures are not merely theoretical but are
commonly implemented in practice by OPs. Never-
theless, it is perplexing that a sizeable proportion of
workers (16.51%) did not report undergoing such
checks, given that the professional tasks they per-
form are legally expected to be covered by alcohol-
related controls.

With regard to participation in information and
training courses on alcohol-related workplace is-
sues, the majority of participants stated that they
had received training on this topic (87.30%), even
if the issue concerning the risk to third parties (i.e.,
involvement of and consequences for other people
such as family members, friends and co-workers)
seems to have been insufficiently addressed (22.22%
not addressed).

3.4. Alcohol-Related Risk Perception

The results of the survey fourth section (Table 2)
are focused on the workers’alcohol-related risk per-
ception. In this regard, concerning the measures that

could be taken by the employer if alcohol-related

issues were detected, most respondents reported
that they would expect disciplinary sanctions to be
imposed (52.38%) or, alternatively, the implementa-
tion of supportive interventions (i.e., specific coun-
seling) (19.05%), but a non-negligible proportion
of workers (21.27%) were unable to answer this
question. With respect to the level of agreement
among workers regarding the usefulness of preven-
tion programs in improving alcohol-related issues in
the workplace, the data showed that an overwhelm-
ing majority of workers were “Strongly agree” and
“Somewhat agree” (24.13% and 57.78%, respec-
tively) with this sentence. Similar trends were also
observed for the perceived safety implications, with
response percentages strongly skewed toward com-
plete or partial agreement that alcohol consumption
in the workplace might actually pose a risk to one’s
own safety, to that of colleagues but also of third
parties, thus suggesting a broad awareness on this
topic. Indeed, this perception is further supported
by the data of the latest question, which unequivo-
cally indicated that most of participants perceive
that alcohol consumption may play a role in ad-
versely influencing a wide range of outcomes across
occupational, family, social, and individual domains.

3.5. Road Traffic Accidents and Work-Related

Injuries

In Table 3 are reported the anamnestic infor-
mation regarding road traffic accidents and work-
related injuries together with possible indicators of
their potential association with alcohol use (e.g.,
driving licence restrictions or alcohol test results).
In the study sample, nearly one-fifth of participants
(17.78%) had been victims of a work-related injury
in the three years preceding the survey, while an even
smaller percentage of workers (9.52%) had been in-
volved in a road traffic accident in the previous five
years. Concerning the alcohol-related indicators,
although relatively few workers had their driving li-
cences restricted (13.33%) or had tested positive on
a breathalyzer (n=28), these data still suggest further
attention, as targeted prevention strategies and poli-
cies (also in the workplace) could help in minimiz-
ing the risk of alcohol-related road traffic accidents
and/or work-related injuries.
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Table 2. Results on alcohol-related risk perception.

Items

Response options - n (%)

How would the company
respond if alcohol-related

issues were identified?

Indicate how much you
agree with the following
statement: prevention
programs improve alcohol-
related issues in the
workplace

Indicate how much you
agree with the following
statement: alcohol
consumption in the
workplace can be a risk
factor for ...

your own workplace safety
your co-workers’ safety
others’ workplace safety

In your opinion, how much
can alcohol consumption
affect the following
conditions?

Road traffic accidents
Workplace injuries
Decreased attention
Reduced work performance
Disciplinary actions

Onset of disease

Domestic violence
Workplace disputes

Poor workplace
relationships

Increased costs for
companies

Workplace absenteeism

Disciplinary

actions

165 (52.38%)
Strongly agree

76 (24.13%)

Strongly agree

223 (70.79%)

208 (66.03%)

226 (71.75%)
Very much

205 (65.08%)
191 (60.63%)
157 (49.84%)
147 (46.67%)
171 (54.29%)
192 (60.95%)
211 (66.98%)
175 (55.56%)
156 (49.52%)

153 (48.57%)

164 (52.06%)

Assistance
programs

60 (19.05%)

Somewhat
agree

182 (57.78%)

Somewhat
agree

68 (21.59%)
82 (26.03%)
59 (18.73%)

Considerably

56 (17.78%)
59 (18.73%)
91 (28.89%)
83 (26.35%)
77 (24.44%)
72 (22.86%)
51 (16.19%)
55 (17.46%)
81 (25.71%)

63 (20.00%)

64 (20.32%)

The company
wouldn’t take

any action
23 (7.30%)

Somewhat
disagree

38 (12.06%)

Somewhat
disagree

16 (5.08%)

19 (6.03%)

22 (6.98%)
Fairly

18 (5.72%)
39 (12.38%)
43 (13.65%)
60 (19.04%)
38 (12.06%)
32 (10.16%)
34 (10.79%)
58 (18.41%)
50 (15.87%)

51 (16.9%)

51 (16.9%)

I don’t know

67 (21.27%)
Strongly disagree

19 (6.03%)

Strongly disagree
8 (2.54%)
6 (1.90%)
8 (2.54%)

Slightly Not at all
6 (1.90%) 30 (9.52%)
12 (3.81%) 14 (4.44%)
11 (3.49%) 13 (4.13%)
11 (3.49%) 14 (4.44%)

18 (5.71%)
9 (2.86%)
7 (2.22%)
13 (4.13%)
12 (3.81%)

11 (3.49%)
10 (3.17%)
12 (3.81%)
14 (4.44%)
16 (5.08%)
21 (6.67%) 27 (8.57%)

18 (5.71%) 18 (5.71%)

3.6. Associations Between AUDIT-C Scores and
Socio-Demographic Characteristics, Occupational
Role and Alcohol-Related Workplace Behaviors

The linear regression analysis examined the

potential links between AUDIT-C scores and

various variables surveyed (Table 4). Most socio-
demographic characteristics and occupational fea-
tures were not significantly related to AUDIT-C
data. However, a statistically significant connection
was found for secondary school qualification, and
overall, the analysis indicated a possible trend toward
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Table 3. Results on road traffic accidents and work-related injuries.

Items

Response options - n (%)

Yes

No

Have you experienced any work-related injuries in the past three years?

Have you experienced any road traffic accidents in the past five years?

In the past five years, have you been subject to any measures affecting your

driving licence such as points deducted (due to alcohol-related issues)?

56 (17.78%)
30 (9.52%)
42 (13.33%)

259 (82.22%)
285 (90.48%)
273 (86.67%)

Have you ever undergone a breathalyzer test following a police roadside 85 (26.98%) 230 (73.02%)
check?
... if yes, was the result positive for alcohol? 28 (32.94%) 57 (67.06%)
Table 4. Linear regression analysis with mean scores AUDIT-C.
Variables Coeff. St. Err. CI95% p—value
Gender Male * 0 - - -
Female -0.363 0.345 [-1.043,0.316] 0.293
Age 18-25 % 0 - - -
26-35 0.322 0.409 [-0.483,1.128] 0.432
36-45 0.072 0.527 [-0.966,1.11] 0.891
46-55 -0.463 0.625 [-1.693,0.767] 0.46
>55 -0.275 0.744 [-1.74,1.19] 0.712
Educational Level Primary School * 0 - - -
Lower secondary 0.482 0.557 [-0.614,1.577] 0.388
school
Secondary school 1.155 0.553 [-0.67,2.244] 0.038
Degree 1.22 0.7 [-0.159,2.598] 0.083
Specific job role Bricklayer * 0 - - -
Construction laborer 0.153 0.327 [-0.490,0.796] 0.64
Truck driver -0.033 0.362 [-0.745, 0.680] 0.928
Site manager 0.199 0.393 [-0.574,0.972] 0.613
Tower crane operator -0.437 0.501 [-1.423,0.548] 0.383
Other -0.225 0.326 [-0.867,0.417] 0.491
Length of service <5* 0 - - -
5-15 0.291 0.408 [-0.512,1.094] 0.476
16-30 1.15 0.546 [0.074,2.225] 0.036
»30 0.66 0.716 [-0.749, 2.068] 0.357
Alcohol consumption No * 0 - - -
during the work shift Yes 3.334 0.931 [1.501,5.167] <0.001
Occasionally 0.571 0.487 [-0.387,1.529] 0.242
Alcohol consumption No * 0 - - -
during work breaks Yes 0.918 0.576 [-0.217,2.052] 0.113
Occasionally 0.93 0.384 [0.174,1.687] 0.016
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Variables Coeff. St. Err. CI95% p—value

Areyou aware that thereis  Yes * 0 - - -

an Italian law (Law No 0.739 0.455 [-0.157,1.636] 0.106

No. 125/2001) prohibiting

alcohol consumption in the

workplace?

During the health Yes * 0 - - -

surveillance medical No 0.487 0.462 [-0.423, 1.396] 0.293

examination, were you

checked for alcohol

dependence?

Have you received Yes * 0 - - -

information and training N -0.486 0.401 [-1.275,0.303] 0.226

courses on alcohol-related

workplace issues?

During courses, was the risk ~ Yes * 0 - - -

to third parties associated N, 0.927 0.337 [0.264,1.590] 0.006

to alcohol consumption at

work addressed?

How would the company 'The company wouldn't 0 - - -

respond if alcohol-related take any action *

issues were identified? I don’t know -1.068 0.436 [-1.927,-0.210] 0.015
Assistance programs -0.616 0.443 [-1.488,0.257] 0.166
Disciplinary actions 0.327 0.435 [-0.530,1.184] 0.453

Indicate how much you Strongly disagree * 0 - - -

agree Wi_th the statement: Somewhat disagree -0.661 0.537 [-1.718,0.396] 0.220

f;‘;‘;‘:)‘:;‘;‘l‘cﬁ;l°0ﬁf:1‘:te g  Somewhatagree -0.486 0.488 [-1.447,0.475] 0.321

issues in the workplace Strongly agree -1.02 0.515 [-2.034,-0.006] 0.049

*reference category used in the regression models.

higher AUDIT-C scores with increasing education
level. Additionally, regarding professional covariates,
workers with 16-30 years of service had significantly
higher AUDIT-C scores compared to colleagues
with less than 5 years of seniority, while the other
groups showed small, non-significant differences.
Interestingly, a strong association (p<0.001)
was found between AUDIT-C scores and alcohol
consumption habits, as participants who reported
drinking alcohol during the work shift or occasion-
ally during breaks had significantly higher AUDIT-
C scores (p=3.334; 95% CI 1.501, 5.167, p<0.001
and B=0.93; 95% CI 0.174, 1.687, p=0.016, respec-
tively). A possible disconnect between risk commu-
nication and risky drinking behaviors is suggested

by the statistically significant association observed
in those who reported that information and training
courses on alcohol-related workplace issues did not
address the risk to third parties. Finally, the analysis
supports the hypothesis that workers who had lower
AUDIT-C scores consider workplace initiatives
and measures to prevent alcohol-related problems
to be particularly important.

3.7. Perceived Alcohol-Related Risk and Health
Examinations for Alcohol Dependence

'The logistic regression analysis data showed that
the workers’ perception of the alcohol contributing
role to road traffic accidents was strongly associated
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with greater awareness that health surveillance med-
ical examinations may include (for specific working
tasks) control for alcohol dependence (Table 5).
Similar results were also observed with regard to
the self-reported execution of alcohol-dependence
targeted checks during the medical examination.
Moreover, the same statistically significant correla-
tion was found for the reduced work performance. In
this context, a higher level of awareness would have
been expected to be also associated with a greater
perception of alcohol influence on workplace injuries,
while instead the findings would suggest the opposite.

4. DISCUSSION

Intending to ensure the highest level of workers’

health and safety, the definition and implementa-
tion of multidisciplinary policies and strategies that
integrate health promotion, accident prevention,
and measures to control, prevent, mitigate, and ad-
dress alcohol use and dependence in the workplace
still remain one of the most important challenges in
occupational medicine today. The magnitude of this
problem is underscored by recent International La-
bour Organization figures reporting that every year,
globally, 395 million workers sufter work-related in-
juries, of which (again according to ILO estimates)
between 10 and 30% are more or less directly con-
nected to alcohol consumption [11, 21]. These data
are unsurprising, given that the potential contribu-
tion of risky alcohol consumption to various adverse
outcomes, such as work-related injuries or road
trafic and domestic accidents, is well established
[22-24], and it aligns with alcohol’s well-recognized
effects on psychomotor and cognitive functions,
including impaired coordination, perception, at-
tention, and judgment [25]. It is important to high-
light that, in terms of increased risk of injury at
work, these adverse effects of alcohol are especially
significant in activities where workers are exposed
to hazards and safety-critical tasks (e.g., operating
heavy machinery, working at heights, professional
driving, using power tools, or handling dangerous
equipment such as explosives), where maintaining
psycho-physical fitness (and thus avoiding alcohol-
related impairment) is essential for performing du-

ties safely [26-27].

In this context, the findings of the present cross-
sectional survey, conducted on Italian construction
workers undergoing targeted health surveillance to
also monitor alcohol dependence, offer a detailed
overview of workplace alcohol use behaviors, risky
alcohol consumption, perceptions of alcohol-related
risk, health surveillance activities, and the relation-
ships between these dimensions. These findings
provide noteworthy insights for discussion and help
identify priority areas for intervention to further re-
duce the risk of alcohol-related accidents at work.
First, an interesting initial finding emerged from
the analysis of AUDIT-C data, since even though
the average score in the study population was not
particularly high (thus not suggesting a problem of
possible hazardous alcohol consumption), nearly
one-third of participants (almost all male workers)
tested positive. This is a highly important and serious
concern, especially in the construction sector where,
even an occasional impairment while performing
safety-sensitive tasks and activities (e.g., working at
height, operating heavy machinery, driving) could
cause disproportionate and potentially catastrophic
consequences for workers’ health and safety [28].
Therefore, it seems clear that there is an urgent need
to improve, strengthen, and expand the application
of context-specific workplace policies and strategies.
These should combine periodic health surveillance
medical examinations with evidence-based educa-
tion, health promotion programs, and targeted sup-
port interventions aimed at discouraging hazardous
alcohol use and reducing alcohol-related risks, par-
ticularly among male workers.

Furthermore, it should also be considered that,
although the AUDIT-C tool is one of the few vali-
dated tests for assessing alcohol consumption in oc-
cupational settings, its reliability might be affected
in non-anonymous contexts such as workplace
health surveillance medical exams. Indeed, concerns
about professional consequences and implications
can lead to response bias and intentional underre-
porting, increasing the risk of false-negative results
and limiting its usefulness in occupational history
[29-30]. In this regard, the occupational safety
and health system should be involved in promot-
ing honest disclosure during AUDIT-C screening

within health surveillance to reduce underreporting
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Table 5. Associations (Logistic Regression analysis) between perceived alcohol-related risk and (A) awareness of and (B)
exposure to health surveillance medical examinations aimed at assessing alcohol dependence.

A - Do you know that health surveillance may include
(for specific working tasks) control for alcohol

dependence? Odds Ratio St. Err. 95% CI p—value
In your opinion, Road traffic accidents 1.738 0.464 [1.030,2.934] 0.038
howmuchcan Workplace injuries 0.579 0.142 [0.359,0.935] 0.025
g::;ﬁf‘:j;‘ﬁ;;’“ Decreased attention 0.487 0201  [0218,1.092]  0.081
conditions? Reduced work performance 1.548 0.746 [0.603,3.979] 0.364
Disciplinary actions 0.533 0.152 [0.305, 0.932] 0.027
Onset of disease 1.851 0.647 [0.934,3.671] 0.078
Domestic violence 0.546 0.229 [0.241,1.240] 0.148
Workplace disputes 0.9 0.346 [0.423,1.913] 0.784
Poor workplace relationships 1.007 0.336 [0.524,1.938] 0.982
Increased costs for companies 1.003 0.344 [0.512,1.966] 0.993
Workplace absenteeism 1.375 0.501 [0.673,2.808] 0.383
B - In this regard, during the health surveillance medical examination, were you checked for alcohol dependence?
In your opinion, Road traffic accidents 4.024 1.422 [2.013, 8.043] <0.01
howmuchcan Workplace injuries 0.882 0.218 [0.544,1.431] 0.611
:11;:2‘11};";;‘;“;1,’:;’“ Decreased attention 0.42 0141 [0.218,0.810] 0.01
conditions? Reduced work performance 2.436 0.947 [1.137,5.219] 0.022
Disciplinary actions 0.463 0.118 [0.280, 0.764] 0.003
Onset of disease 1.121 0.313 [0.648,1.937] 0.684
Domestic violence 0.404 0.127 [0.218,0.747] 0.004
Workplace disputes 1.174 0.299 [0.713,1.933] 0.529
Poor workplace relationships 0.956 0.284 [0.534,1.710] 0.878
Increased costs for companies 0.882 0.267 [0.488,1.596] 0.679
Workplace absenteeism 0.912 0.285 [0.495,1.682] 0.769

Multivariable logistic regression model. Odds ratios represent the change in the odds of the outcome associated with a one-unit increase

in each predictor measured on a frve-point Likert scale.

and enable effective prevention strategies. Possible
approaches to explore include integrating screen-
ing within a clearly non-punitive prevention and
support framework, training occupational health
professionals in stigma-free communication, and
most importantly, providing workers with clear and
comprehensive information about legal require-
ments regarding alcohol consumption at work and
the potential consequences of non-compliance.
These considerations become even more relevant
when analyzing the results concerning alcohol con-
sumption habits at the workplace. Although the vast

majority of respondents reported being aware that
alcohol consumption is prohibited during certain
safety-sensitive activities and that health surveil-
lance may include alcohol-dependence assessments,
an alarmingly high percentage of workers (many
with higher average AUDIT-C scores, Table 4)
admitted to drinking alcohol—either regularly or
occasionally—during work hours, especially during
breaks. This data, which cannot be easily explained
by low awareness of legal obligations or poor per-
ception of alcohol-related risks (both of which are
notably high in the survey, Tables 3 and 4), certainly
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warrants further investigation and calls for a care-
ful review of how workers are trained and informed
about this issue in the workplace. Knowledge alone
is clearly insufficient; occupational-specific guide-
lines and workplace organizational culture are likely
to play a key role [31-32].

Regarding the usefulness of prevention programs
in addressing alcohol-related issues in the work-
place, the linear regression analysis model high-
lighted that workers who strongly agreed with this
view also had lower AUDIT-C scores. This obser-
vation may support the hypothesis that prevention
initiatives are more likely to be endorsed by work-
ers who are already at lower risk, while higher-risk
individuals may be less convinced, less engaged, or
more defensive. In practical terms, this suggests that
universal and generic prevention messages or tools,
although important, might be inadequate for these
groups and should be complemented with tailored
approaches that reduce stigma, clarify confiden-
tiality limits, and emphasize support rather than
punishment.

This study benefits from focusing on a safety-
relevant workforce and integrating behavioral meas-
ures (AUDIT-C and workplace drinking habits),
legal/organizational knowledge, risk perceptions,
and accident-related indicators into a single, co-
herent questionnaire. However, several limitations
should be considered. The cross-sectional design
prevents causal inferences or conclusions about
the direction of associations. Participants were re-
cruited voluntarily during routine occupational
health surveillance in small construction companies,
representing a convenience sample with possible
selection bias, as workers with particular attitudes
toward alcohol or health issues may have been
more likely to participate. The study was conducted
within a specific occupational sector and region,
with a predominantly male sample, which may limit
generalizability. Additionally, as with most self-
administered questionnaires on sensitive behaviors
like alcohol use, data may be affected by recall and
social desirability biases, potentially underreporting
risky behaviors. Some estimates showed wide confi-
dence intervals, especially in the regression analyses
(Tables 4 and 5), likely due to limited observations
in certain response categories and the variability of

perception-based variables. These should be inter-
preted cautiously, although the overall associations
were consistent. Importantly, the questionnaire was
completed anonymously and privately to minimize
reporting bias and protect privacy.

5. CONCLUSION

Although the overall AUDIT-C profile did not
indicate widespread excessive alcohol consump-
tion, the combined evidence of a significant at-risk
subgroup, reported alcohol use during breaks and
occasional consumption during work shifts, incom-
plete health surveillance coverage, and a perception
of alcohol-related risk focused mainly on traffic ac-
cidents (but not equally on occupational accidents)
highlights clear opportunities for strengthening
prevention. Improving the consistency and scope of
health surveillance, better aligning training with oc-
cupational injury prevention (including third-party
risks), and adopting supportive, non-stigmatizing
engagement strategies can help reduce alcohol-
related harm in this high-risk work environment.

With regard to future research, longitudinal
studies should clarify the temporal relationships
between training, health surveillance, medical ex-
aminations, changes in risk perception, and conse-
quent behaviors related to alcohol consumption. At
the same time, the evaluation of targeted, context-
specific interventions (particularly those addressing
alcohol consumption during breaks and third-party
safety) will be useful for determining which models,
strategies, and policies work best in the construction
industry.
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ABSTRACT

Background: Aluminum (A1) is a widely encountered heavy metal with known neurotoxic effects. Occupational
exposure, particularly in industrial settings, may impair cognitive functions. This study aimed fo evaluate the re-
lationship between Al exposure and cognitive function. Methods: A retrospective study was conducted at Gazi
University Faculty of Medicine Hospital, Occupational Diseases Outpatient Clinic, between December 5, 2024, and
January 5, 2025. The exposed group consisted of 20 male cement factory workers with elevated urinary Al expressed as
a function of creatinine, and the control group included 40 age-matched males without occupational Al exposure (1:2
matching). Cognitive status was assessed using the Mini Mental State Examination (MMSE). Urinary Al levels
were measured by inductively coupled plasma mass spectrometry (ICP-MS). Statistical analyses were performed
with SPSS 29.0. Results: The mean MMSE score was significantly lower in the exposed group compared with con-
trols (24.3+3.7 vs. 28.5+2.3, $<0.001 ). Subscale scores for orientation, attention/calculation, recall, and language
were also lower in exposed workers. All such workers had elevated aluminum (mean 42.3+21.4 mcg/g creatinine).
Urinary Al was positively correlated with working duration (r=0.453, p=0.045) and negatively correlated with
MMSE (r=-0.486, p=0.030) and orientation scores (r=-0.494, p=0.027). Conclusion: Workers occupationally
exposed to aluminum exhibited significantly lower cognitive performance than non-exposed controls. Higher urinary
Al levels were associated with poorer cognitive outcomes, suggesting neurotoxic effects of aluminum and underscoring
the importance of preventive strategies and cognitive monitoring in exposed populations.

1. INTRODUCTION through media and routes such as water, fruits and
vegetables, processed foods, some medications and

Aluminum (Al) is a metal found in nature com- vaccines, and food-heating and storage devices (such
bined with other elements such as silicon and ox- as aluminum foil) [2]. Occupational exposure occurs
ygen, and obtained from aluminum-containing during the production, processing, welding, and re-
minerals [1]. Many people are exposed to aluminum  cycling of aluminum. It is stated that occupational
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exposure to aluminum results from workers’ contact,
especially through inhalation [4]. The absorption of
aluminum is affected by chemical form, particle size,
and the use of dietary chelators (such as citric or
lactic acid) [3]. Blood/serum and urine analyses can
be performed to monitor aluminum exposure [5].

Studies have shown that aluminum has adverse
effects on many systems, including the respiratory,
cardiovascular, and gastrointestinal systems [6, 7].
Monographs published by IARC have identified a
relationship between aluminum smelting plants and
bladder cancer [4]. The nervous system is the most
sensitive system to aluminum toxicity [8, 9]. Al ex-
posure is thought to be associated with Alzheimer’s,
Parkinson’s, Multiple Sclerosis, and many other
neurological diseases [10-12]. In the meta-analysis
conducted by Soleimani et al., it was determined
that aluminum exposure increased the risk of Alz-
heimer’s disease by 2.451 times (CI: 0.569-4.334,
p=0.011) [13]. When Alzheimer’s patients were
compared with control patients, aluminum levels
were higher in the cerebrospinal fluid, serum, and
brain tissue of Alzheimer’s patients [14].

It has been reported that aluminum exacerbates
oxidative damage due to its pro-oxidant properties
and may therefore be a risk factor in ALS [15].In a
review by Killin et al., it was reported that increased
aluminum levels in water increase the risk of demen-
tia [16]. Neurotoxic effects of aluminum are explained
through various biochemical pathways. As a prooxi-
dant, it can cause oxidative stress and lead to the pro-
duction of free oxygen molecules. It can also cause
mitochondrial dysfunction [17]. As a cholinotoxic
agent, it can alter acetylcholinesterase activity [18].

Additionally, considering the effects of aluminum
on cognitive functions, workers with occupational
exposure were found to have poorer performance in
attention, reaction time, and working memory. It has
been determined that elevated plasma aluminum
levels can predict declines in cognitive performance.
In a study of shift workers at an aluminum smelting
plant in Norway, it was reported that alertness levels
were lower after night shifts than after 3-4 consecu-
tive day shifts [20]. In a cross-sectional study, alu-
minum levels were higher in cognitively impaired
workers than in controls, and gray matter volumes
in the left caudate and bilateral hippocampus were

lower and positively correlated with aluminum lev-
els [9].In a study of workers in an aluminum factory,
the risk of cognitive impairment increased 2.24-fold
when plasma aluminum levels were high compared
with low [8].

Based on the literature, our study aimed to evalu-
ate the effects of aluminum exposure on cognitive
function. For this purpose, we aimed to determine
the relationship between aluminum intoxication
and cognitive status assessment in patients referred
to us from the cement production industry with
suspicion of aluminum intoxication and in the con-
trol group.

2. METHODS

This study was designed as a retrospective cross-
sectional study. The study population consisted of
workers who attended the Occupational Diseases
Outpatient Clinic of Gazi University Faculty of
Medicine between December 5, 2024, and January
5,2025.

Patients referred by occupational physicians or
other physicians with suspected occupational dis-
eases are evaluated at our outpatient clinic. During
this period, all clinical and laboratory evaluations
were performed as part of routine occupational
health assessments, and the data were recorded in
institutional medical records. No data were collected
specifically for research purposes at that time. After
obtaining ethical approval from the Gazi University
Rectorate Ethics Committee (No: 2025-1337; date:
29/07/2025), these existing records were retrospec-
tively reviewed and analyzed.

2.1. Occupational Exposure

The cement factory examined in this study pro-
duces ready-mixed cement through the stages of raw
material preparation, mixing, firing, and grinding.
The cement produced in the factory contains lime-
stone and silica; hydraulic hardening occurs through
calcium silicates and aluminates. Raw materials, in-
cluding limestone, silica, and clay-based minerals,
contain aluminum-bearing compounds that are
essential components of Portland cement chem-
istry. Workers in the exposed group in this study
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are potentially exposed to aluminum-containing
cement dust, especially during raw material han-
dling, mixing, kiln operation, and clinker grinding.
Occupational exposure occurs mainly through in-
halation of cement dust containing aluminum com-
pounds. According to available records, workers
were not consistently able to use personal protective
masks, resulting in continuous inhalation exposure
to cement dust containing aluminum during their

shifts.
2.2. Population
2.2.1. Exposed Group

Twenty male cement factory workers with ele-
vated urinary aluminum levels or aluminum/creati-
nine ratios were identified from medical records. To
ensure that cognitive impairment was specifically
attributable to aluminum exposure and not to poly-
metallic contamination or other confounders, inclu-
sion criteria required that participants have normal
levels of blood lead (<8.5 pg/dL), and urinary chro-
mium (<5 pg/L), mercury (<9 pg/L), and manga-
nese (<18.3 pg/L). Additionally, serum vitamin B12
levels had to be within the normal range (197-771
pg/mL). All cement factory workers who agreed to
participate and met these criteria were included in

the study.
2.2.2. Control Group

Forty age-matched male individuals without alu-
minum exposure were identified from medical re-
cords and met the same heavy metal and vitamin
B12 criteria. Exposed — control matching was per-

formed 1:2.
2.2.3. Exclusion Criteria

Participants with elevated blood lead (>8.5 pg/
dL), serum chromium (>5 pg/L), blood mercury
(>9 pg/L), or blood manganese (>18.3 ug/L) levels,
decreased B12 (<197 pg/mL) or history of physi-
cian-diagnosed epilepsy, dementia, learning disabil-
ities, and depression; as well as those who declined
to participate, were excluded from the study. These

thresholds correspond to the reference intervals
provided by the accredited clinical laboratory per-
forming the analyses and were used only as screen-
ing criteria to exclude participants with markedly
elevated levels of other heavy metals.

All clinical evaluations and laboratory measure-
ments had been performed as part of routine clinical
practice and were obtained from medical records.
Urine and blood samples had been collected at the
end of 8-hour work shifts as part of routine occu-
pational exposure assessment. Sample analysis was
performed using an ICP-MS device. Urine samples
were collected in sterile containers at the end of the
shift. Heavy metal levels were analyzed using induc-
tively coupled plasma mass spectrometry (ICP-MS,
Agilent 7700X, USA). The argon used in the plasma
torch had a purity of over 99.999% and was sup-
plied by HABAS (Kocaeli, Turkey). In the analy-
ses, 65% Suprapur nitric acid (Merck, Darmstadst,
Germany) and an aqueous multi-element standard
solution (High-Purity Standards, Charleston, USA)
were used. Calibration was performed with an aque-
ous multi-element standard solution. The method
was validated by analyzing certified reference ma-
terials (Seronorm Trace Elements, Billingstad, Nor-
way). Urine aluminum levels were determined by
the ICP-MS method. According to international
standards, reference values for aluminum in spot
urine are <35 pg/L or <14 mcg/g creatinine in spot
urine samples [21].

The Mini-Mental State Examination (MMSE)
was used to assess participants’ cognitive status.
Developed by Folstein et al., the MMSE consists
of eleven questions and is scored out of 30. It has
five subscales: orientation (10 points), registration
(3 points), attention and calculation (5 points), re-
call (3 points), and language and copying (9 points).
Orientation assesses an individual’s awareness of
temporal and spatial context, while immediate
memory is assessed by recording and repeating pre-
sented words. Attention and calculation measure
concentration and working memory using tasks
such as serial subtraction or spelling. Recall exam-
ines short-term memory by testing delayed recall of
previously presented words. Language and copy as-
sess a range of linguistic functions, including nam-
ing, repetition, comprehension, reading, and writing,
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as well as the ability to accurately reproduce a simple
geometric shape. The Turkish translation was made
by Giingen et al. [22, 23].

Diagnosis had been established based on clini-
cal findings, laboratory measurements, and Mini
Mental State Examination (MMSE) results, as
documented in medical records. This process was
conducted during a multidisciplinary team meeting
involving psychologists, neurologists, and occupa-
tional disease specialists.

2.3. Statistical Analysis

Descriptive statistics for the study are presented
as numbers, percentages, means, and standard de-
viations. Normality of continuous variables was
assessed using the Shapiro-Wilk test. Chi-square
tests, Mann-Whitney U tests, and Spearman’s rank
correlation were used to assess relationships be-
tween groups. Multiple linear regression analysis
(enter method) was performed with MMSE score
as the dependent variable, and urinary aluminum,
aluminum/creatinine ratio, age, education group,
and smoking status as independent variables. Sta-
tistical analyses were performed using SPSS 29.0.

P<0.05 was considered significant.

Table 1. Characteristics of the study group.

3. RESULTS

Our study was conducted with 20 patients with
aluminum exposure and 40 controls. The mean age
of the exposed subjects was 42.99+8.3 years, and
the control group was 39.7+8.9 years (p=0.174).
The exposed group had longer working experience
(p=0.013). Seventeen (85.0%) of the exposed group
and 30 (75%) of the control group were married
(p=0.375),while 32 (80.0%) of the control group and
11 (55.0%) of the exposed subjects had a high school
education or higher (p=0.037). The smoking rate was
higher in workers with Al exposure than in those
without (p=0.013). However, the number of ciga-
rettes smoked was similar in smokers (p=0.367). In
the exposed group, aluminum concentrations ranged
from 13.59 to 67.09 pg/L (mean 30.1+14.9 pg/L),
while aluminum values were above the normal range
in three participants. The corresponding values
expressed as a function of creatinine ranged from
20.98 to 100.52 mcg/g (mean 42.3+21.4 mcg/g);
thus, all values expressed as a function of creatinine
were above the upper reference limit. The corre-
sponding values of the control group were 1.87 +
0.84 pg/L and 2.05 * 1.01 pg/g creatinine, respec-
tively, both p<0.001 vs. exposed workers (Table 1).

Exposed group Control
Mean+SD/n  Percentage (%) MeantSD/n  Percentage (%) P

Age 42.9+8.3 39.7+8.9 0.174*
Working Time 22.4+8.6 16.6+9.8 0.013*
Marital Status 0.375
Single 3 15.0 10 25.0

Married 17 85.0 30 75.0

Education Level 0.037
Primary and Secondary School 9 45.0 8 20.0

High School and Above 11 55.0 32 80.0

Smoking Status 0.013
No 3 15.0 19 47.5

Yes 17 85.0 21 52.5

Cigarettes (Packs/year) 18.6+9.6 26.5+20.5 0.367*
Urinary Al (pg/L) 30.1+14.9 1.87+0.84 <0.001*
Urinary Al (mcg/g creatinine) 42.3+21.4 2.05+1.01 <0.001*

* Mann Whitney U Test, SD: Standard Deviation.
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The MMSE score was 24.3+3.7 in workers with
aluminum exposure, while it was 28.5+2.3 in those
without (p<0.001). Furthermore, scores in the ori-
entation, attention, calculation, recall, and language
subscales were also lower in the exposed group
(Table 2).

There was a positive correlation between the uri-
nary aluminum and total working hours (r=0.453,

Table 2. Cognitive assessment of the study group.

p=0.045) and a negative correlation with both the
orientation score (r=-0.494, p=0.027) and MMSE
(r=0.486,p=0.030). However, such correlations were
significant only when urinary Al was expressed as a
function of creatinine, whereas no correlation was
observed between raw urinary Al (unadjusted) and

MMSE scores (Table 3). The latter were also sen-

sitive to education, with those with primary and

Exposed group Control
Median
MeanzSD Median (min-max) MeanzSD (min-max) P
Orientation 8.8+1.4 9.0(5-10) 10.0+0.0 10.0 (10-10)  <0.001
Registration 3.0+0.0 3.0(3-3) 2.9+0.3 3.0 (1-3) 0.313
Attention and calculation 1.9+2.1 1.0 (0-5) 4.0+1.6 5.0 (0-5) <0.001
Recall 2.4+0.9 3.0 (0-3) 2.8+0.5 3.0 (1-3) 0.003
Language and copying 8.3+1.0 9.0 (6-9) 8.8+0.5 9.0 (7-9) 0.032
Total score (MMSE) 24.3+3.7 24.0(17-30) 28.5+2.3 30.0 (23-30)  <0.001
Mann Whitney U Test, SD: Standard Deviation.
Table 3. Correlation of factors affecting MMSE scores.
Aluminum Aluminum/Creatinine Working Hours

MMSE r 0.289 -0.486 -0.197

p 0.216 0.030 0.132
Orientation r 0.199 -0.494 -0.208

p 0.400 0.027 0.111
Attention and calculation r 0.271 -0.420 -0.170

p 0.248 0.065 0.195
Recall r 0.099 -0.247 -0.236

P 0.679 0.294 0.069
Language and copying r 0.206 -0.057 -0.225

p 0.384 0.813 0.046
Working Hours r 0.054 0.453

P 0.823 0.045 1

*Spearman Correlation.
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Table 4. Predictors of MMSE Score in Multivariate Analysis.

B SE B t P 95% CI
Aluminum (pg/L) -0.015 0.021 -0.067 -0.689 0.494 -0.057 - -0.028
Aluminum (ug/g creatinine) ~ -0.050 0.015 -0.332 -3.260 0.002 -0.081 --0.019
Age (Years) 0.001 0.030 0.002 0.023 0.981 -0.059 - 0.061
Education Group 2.292 0.317 0.604 7.240 <0.001 1.657 -2.927
Smoking Status -0.659 0.544 -0.093 -1.211 0.213 -1.751-0.432
Constant 20.582 1.906 10.798 <0.001 16.761 — 24.403

B: unstandardized coefficient, SE: Standard Error, B: standardized coefficient. CI: Confidence Interval.

secondary school degrees showing lower scores than
those with high school education or above (21.3+2.3
vs. 26.7+2.7, p<0.001). There were no correlations
between age and MMSE, orientation, memory, at-
tention and calculation, recall, and language.
Multiple linear regression analysis was conducted
to identify factors associated with MMSE. Uri-
nary Al, when expressed as a function of creatinine,
was negatively and independently associated with
MMSE; in contrast, the education group showed
a strong positive association with the mental score.
Age, smoking status, and urinary aluminum con-
centration alone were not significantly associated

with MMSE (Table 4).
4. DISCUSSION

To our knowledge, this is the first study comparing
the cognitive status of participants working in the ce-
ment industry in Turkiye who have high aluminum
levels with that of those not exposed to aluminum.
Our study demonstrated cognitive impairment in
workers with Al exposure. There are studies in the
literature evaluating the occurrence of cognitive im-
pairment due to environmental and occupational ex-
posure to Al In the meta-analysis, urine aluminum
levels in controls averaged 9.61 pg/L (SD = 4.95)
and 11.32 pg/g creatinine (SD = 8.13), compared
with exposed workers at 87.20 pg/L (SD = 82.92)
and 54 pg/g (SD = 38.28), respectively [19]. In this
study, cement workers showed markedly higher
urinary aluminum and aluminum-to-creatinine
ratios than controls, indicating a clear exposure
gradient consistent with occupational aluminum

exposure. Although environmental air monitoring
data were unavailable, biological monitoring dem-
onstrated a clear exposure gradient between cement
workers and controls, supporting the conclusion of
occupational aluminum exposure. The results of the
meta-analysis show decreased performance in pro-
cessing speed, working memory, attention, and reac-
tion time among workers occupationally exposed to
aluminum compared with controls.

In a study by Zhang et al. of aluminum mine
workers, the MMSE score was 21.34 among work-
ers with aluminum exposure and 22.95 among those
without. The MMSE score was lower in those with
aluminum exposure. Furthermore, in an analysis
adjusted for age, gender, and education level, the
risk of cognitive impairment was reported to be 6.7
times higher in those with aluminum exposure [24].
In the study by Xing et al., the MMSE score was re-
ported as 27.93 + 1.91 in the Al-exposed group and
28.62 + 1.25 in the non-exposed group. The score
was lower in the exposed group [25]. In the study
by Lu et al., the MMSE score in workers exposed to
aluminum was reported as 26.13+2.57, which was
lower than that of the control group [26]. Addition-
ally, some studies have found that MMSE scores
are lower among workers with aluminum exposure
than among those without [27, 28]. In our study, the
MMSE score was 24.3+3.7 in workers with occu-
pational Al exposure and 28.5+2.3 in non-exposed
workers, which is consistent with findings reported
in the literature. In addition, aluminum normalized
to creatinine was elevated in all exposed partici-
pants. This observation suggests that creatinine-
adjusted urinary aluminum may represent a more
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informative indicator of occupational aluminum ex-
posure when spot urine samples are used, as it helps
account for inter-individual variability in urine dilu-
tion. Overall, these findings suggest that increased
aluminum exposure may be associated with lower
cognitive performance.

In evaluating MMSE subscales, Xing et al. found
that orientation, recall, attention, calculation, and
language scores were similar between the aluminum-
and non-aluminum-exposed groups. Visual ability
scores were significantly higher in the control group
[25]. In the study by Lu et al., scores for orientation,
recall, calculation ability, and language skills were
lower among workers exposed to aluminum than in
the control group [26]. In Yang et al.’s study, recall,
calculation ability, and language skill scores were
also found to be lower in the group with the highest
aluminum level than in the group with the lowest
[29]. Similarly, in our study, orientation, recall, at-
tention, calculation, and language scores were lower
among workers exposed to aluminum. Furthermore,
orientation scores were negatively affected by an in-
creased aluminum-to-creatinine ratio. These results
support the negative consequences of aluminum ex-
posure on cognitive functions.

A study by Qui et al. of aluminum factory workers
reported lower MMSE scores among workers with
higher plasma aluminum levels than among those
with lower levels [30]. In a study by Lu et al., which
tollowed workers at an aluminum factory for 2 years,
MMSE scores decreased as workers’ aluminum lev-
els increased during the follow-up [31]. Addition-
ally, many studies have found a negative correlation
between blood plasma aluminum levels and MMSE
scores [27-29, 32-34]. When studies evaluating
blood aluminum level and MMSE score are evalu-
ated, Pan et al reported an increase of -0.005 times
(p=0.001), Abdala et al reported an increase of -0.348
times (p=0.017 CI:-0.632,-0.065), and Zhang et al.
reported an increase of -0.630 times (p<0.001)
[32, 34, 35]. Contrary to these studies, some studies
reported no relationship between aluminum levels
and MMSE scores [36-38]. In our study, there was
a negative correlation between increased aluminum-
to-creatinine ratio and MMSE scores. This supports
the notion that increased aluminum exposure will
lead to a decline in cognitive function.

Individual factors such as age, education level,
and length of service also influence MMSE scores.
A study by Pan et al. reported that MMSE scores
were negatively affected by age (-0.061, p=0.001)
and length of service (-0.058, p=0.001), while edu-
cation level had no effect [32]. Lu et al. reported
that age and education level affect [26]. Abdalla
et al. determined that the study period increased
the score by -0.044 times (p=0.032, CI:-0.084 to
-0.004) [34]. Shang et al. reported that the year was
positively correlated in their study [27]. Our study
also found that higher education levels served as a
protective factor for cognitive function, while work-
ing hours had a negative impact. Higher education
levels are known to protect cognitive function.

5. CONCLUSION

In conclusion, this study shows a significant and
independent association between aluminum expo-
sure and cognitive performance, as measured by the
Mini-Mental State Examination (MMSE), when
urinary aluminum levels are expressed as a function
of creatinine. Although no correlation was observed
when aluminum concentrations in spot urine were
analyzed, a significant association was detected when
aluminum normalized to creatinine in spot urine was
used, highlighting the importance of correcting for
urine dilution in biomonitoring studies. Despite the
known limitations of the MMSE, the persistence of
this link after controlling for key confounding fac-
tors suggests that increased aluminum exposure
may negatively affect cognitive function beyond the
protective effects of cognitive reserve. Consistent
with aluminum’s known neurotoxic properties, these
findings support its potential role as an occupational
factor contributing to cognitive impairment and em-
phasize the importance of considering aluminum ex-
posure among at-risk workers. Additionally, given its
low cost, reproducibility, and ease of use, the MMSE
could be a practical tool for occupational physicians
to monitor cognitive decline among exposed workers.
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ABSTRACT

Background: While hearing loss is the most emblematic effect of exposure to high sound pressure levels, it is not nei-
ther the first nor the only one. This article explores self-reported effects of exposure to high sound pressure levels among
a population of 306 academic musicians (singers, choir members and instrumentalists) in Uruguay. Methods:
A special anamnesis form was prepared for use in interviews of each of the participants. The collected information was
anonymized and processed. Some interesting results were found, both through direct processing and PCA analysis.
Results: Most participants reported several non-auditory effects. These were classified by sex, age, and role (singer
or instrumentalist, voice type, or played instrument). Conclusions: Among the reported effects, the most preva-
lent were muscle contractures, fatigue/tiredness, difficulty sleeping, and noise sensitivity, followed by arthralgia and
headaches. The most frequent effects in women were muscle contracture (86%), followed by tiredness/fatigue, noise
susceptibility, and tinnitus. The most frequent effects in men were muscle contracture (68%), followed by tinnitus,
noise susceptibility, and irritability after musical activity. It was possible to establish some “effects profiles” accord-
ing to instrument and gender. For example, woodwind players experience muscle contracture, tinnitus, post-musical
activity irritability, noise susceptibility, and decreased performance, while soprano singers have a higher prevalence
of muscle contracture, tiredness/fatigue, noise sensitivity, difficulty sleeping, arthralgia, digestive disorders, headache,
tinnitus, and vertigo. They are the second most affected category of musicians, according to their effect profile.

1. INTRODUCTION into a public health problem, often referred to as rec-

reational and environmental hearing loss [4].

Noise is a pervasive workplace risk, evident in con-
struction and manufacturing but also in call centers,
schools, hospitals, and the arts, particularly among
music professionals [1-3]. As an occupational pollut-
ant, noise threatens health not only through hearing
loss but also through a wide range of extra-auditory
effects [2]. This has transformed a workplace issue

Research highlights non-auditory impacts, in-
cluding cognitive impairment (especially in chil-
dren), sleep disorders, and cardiovascular conditions
[5]. Subtle but continuous exposure can lead to dis-
comfort, frustration, and stress-related symptoms,
which contribute to cardiovascular disease [6]. Ac-

cording to the CCOHS, non-auditory effects include
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physiological responses (muscle tension, respiratory
changes, altered heartbeat) and performance-related
issues [7].

Cognitive performance is also at risk; workers ex-
posed to noise exhibit poorer results on mental tasks
[8]. While short-term exposure might improve
simple activities, it hinders complex ones like pro-
tessional music performance. Musical intelligence
is notably adversely affected [9]. Hypertension can
appear at levels as low as 75 dBA—well below those
typically considered safe for hearing [10]. Chronic
exposure acts as a psychosocial stressor even when it
doesn’t damage the inner ear [5].

Occupational health services play a strategic role
in worker protection [11]. Described extra-auditory
effects include endocrine changes (elevated cortisol/
catecholamine levels), elevated blood pressure, and
altered heart rate. Impacts also extend to the cen-
tral nervous system (changes in EEG), sleep quality,
respiratory rate, and visual function. Effects during
pregnancy include risks of premature birth and fetal
hearing loss [12-14].

Noise can reduce salivary and gastric secretions,
slowing digestion and increasing gastric acid [15, 16].
Studies show positive correlations with tinnitus, oxi-
dative imbalance affecting the immune system, and
hippocampal damage, which impacts memory and
learning [17-19]. Further reported effects include an-
noyance, mental health issues, altered blood clotting,
increased cholesterol, diabetes, and irritability [20-22].
Self-reported symptoms among workers include otal-
gia, insomnia, and the need to raise one’s voice [23].
Noise also modifies social behavior, potentially reduc-
ing helping behavior and increasing aggression [24].

This article addresses extra-auditory effects in ac-
ademic musicians in Uruguay. The interdisciplinary
team “SAVEM” (Auditory, Vocal, and Ergonomic
Health in Academic Musicians) comprises experts
from Health, Social, Artistic, and Technical fields
at the Universidad de la Republica (UdelaR) [25].
Since 2018, SAVEM has worked with the National
Choir, the Montevideo Symphonic Band, the Na-
tional Symphony Orchestra, and other professional
groups. The team’s goal is to understand the health
consequences of occupational conditions (high
noise, vocal strain, postural problems) and provide
tools for auditory, vocal, and postural hygiene.

2. METHODS
2.1. Study Design and Setting

This research was a cross-sectional study of ac-
ademic musicians in Uruguay, part of SAVEM at
Universidad de la Republica since 2018. The team
used health check-ups, interviews, and environ-
mental measures to identify non-auditory effects of
noise exposure. Participants attended interviews at
each stage for health info and personal insights.

2.2. Participants

The study population included professional and
student musicians from several institutions and en-
sembles [25]: (i) National Choir of Uruguay; (ii)
Montevideo Symphonic Band; (iii) Lyric Singing
Department of the Faculty of Arts; (iv) National
Symphony Orchestra (approx. 95 musicians); (v)
Montevideo Philharmonic Orchestra (approx. 95
musicians). Over the course of the project stages,
three datasets were compiled, comprising 163, 86,
and 59 individual records, respectively. The partici-
pants included a broad spectrum of musical roles,
such as singers, string players, woodwind play-
ers, brass players, percussionists, keyboardists, and
conductors.

2.3. Data Collection Procedures
2.3.1 Individual Interviews and Anamnesis

A structured interview guide, developed by the
research team, was used. It included variables related
to occupational health as well as music-specific fac-
tors (such as instrument played, vocal register, fre-
quency of artistic activity, daily practice hours, and
use of amplification). Individual interviews were
conducted by an occupational physician and a
speech therapist. The appointments were made in
advance.

2.3.2 Clinical and Audiological Examination

Participants were instructed regarding precau-
tions prior to audiometric testing.
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2.3.3 Environmental Measurements

Sound pressure levels (SPL), vibration, carbon
monoxide concentration, temperature, and humid-
ity recorded during rehearsals. Observation sessions
were also carried out. Acoustic maps of rehearsal
rooms were constructed to determine exposure
profiles (minimum L., levels of 85 dBA were re-
corded). See Figure 1.

2.4. Ethical Considerations

All participants signed informed consent prior
to inclusion. Data was anonymized for analysis.
Each participant received individual feedback on
results, in accordance with medical confidentiality
standards.

The protocol was reviewed under the ethical
framework of Udelar, in line with institutional and
national occupational health regulations.

2.5. Data Analysis

Quantitative analysis included descriptive sta-
tistics (distribution by sex, age, and musical role),
prevalence of self-reported extra-auditory effects
(e.g., tinnitus, irritability, vertigo, musculoskeletal
complaints, sleep disturbances, cardiovascular and
cognitive symptoms).

==

KEYBOARD 84-90 dBA Legends

. DIRECTOR 84-92 dBA

[ <=80 dBA

80 dBA< Level <= 83 dBA 0 ]

[ 83 dBA< Level <= 86 dBA
. >86dBA

Comparative analyses were conducted to explore
associations between effects and demographic vari-
ables (gender, age, role). Multivariate analysis was
performed, including:

- Principal Component Analysis (PCA) to
identify effect clusters (e.g., cognitive vs. psy-
chological profiles);

- Hierarchical cluster analysis to examine as-
sociations between reported symptoms and
population characteristics.

Results were stratified by dataset and presented in
figures to illustrate prevalence patterns.

3. RESULTS AND DISCUSSION
3.1. Acoustic Maps

First, the acoustic maps generated in the re-
hearsal rooms of the National Choir and the Mon-
tevideo Symphonic Band are shown, providing a
quantitative starting point for the sound exposure
of academic musicians in their daily work. As it
can be seen in Figure 1, the lowest levels recorded
among the musicians’ groups are g, = 85 dBA.
These high sound pressure levels lead to the expec-
tation of both auditory and non-auditory effects on
musicians.

B Legens

= <=80dBA

80 dBA< Level <= 83 dBA
83 dBA< Level <= 86 dBA
™ >86 dBA

Figure 1. Maps of Sound Pressure Levels: (a) at the National Choir rehearsal; (b) at the Montevideo
Symphonic Band rehearsal (redrawn from Tomasina et al. 2025) (26).
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It is worth noting that the Montevideo Sym-
phonic Band has incorporated an important pre-
ventive measure: a “street” between the brass and
woodwind instruments to reduce the latter’s sound
exposure levels.

3.2. First Data Set Processing: 163 Records
3.2.1 General Information

This data set includes 86 women (53%) and 77
men (47%). 37% of the sample corresponds to indi-
viduals under 35 years of age, while the remaining
63% are over 35 years of age. Regarding gender dis-
tribution, the sample is fairly balanced.

Regarding the percentage distribution of the
participants’ roles, singers are 47% of respondents,
constituting the largest group, followed by bowed
string players (22%) and woodwind players (13%).
Brass players represent 10% of the participants. It is
worth noting that the roles of keyboard, conductor
and plucked strings, and cases without data, repre-
sent approximately 5% of the total records.

3.2.2 Reported Effects

This set of data assessed the presence of tinni-
tus, vertigo, ear pain, and other effects such as hy-
pertension. The effects in the surveyed population
showed tinnitus being the most prevalent effect,
present in 90 of the respondents (55%), followed by
post-musical activity irritability with 64 cases (39%).
Only 28 people (17%) reported not experiencing
any of the effects assessed. The high prevalence of
tinnitus found in our data set is much higher than
the 27% reported for classical musicians by Di Sta-
dio et al. (2018) [27].

Regarding the proportion of people experiencing
at least one effect, in all roles with 10% or more par-
ticipants, the presence of some effect exceeds 75%,
with woodwind instrument players showing the

highest percentage (91%).
3.2.3 Prevalence of Effects by Sex and Age

'The prevalence of the reported effects was shown
by age group and sex. The results for women revealed

a clear trend in the prevalence of tinnitus: its preva-
lence was lower among those under 35 years of age
and increased progressively thereafter, reaching val-
ues above 60% in the over-56 age group. In contrast,
irritability after musical activity was most prevalent
in the 26-35 age group, decreased among those un-
der 25, and declined with increasing age. Regarding
vertigo, no clear pattern was identified, and otalgia
was not present in participants over 56 years of age.
In men, tinnitus was recorded in all age groups, with
a prevalence exceeding 50%. Irritability after musi-
cal activity exhibited a similar pattern, remaining
at levels above 40% in most age groups, except for
those over 56 years of age, where it decreased con-
siderably. Vertigo was more prevalent in the extreme
age ranges (under 25 years of age and over 56 years
of age), while, as in women, ear pain was not present
in participants in the oldest age group.

3.2.4 Prevalence of Effects by Role

Regarding the eftects by role, of the 40 women
with tinnitus, 24 were singers (60%), 9 string in-
strumentalists (23%), and 6 wind instrumentalists
(15%). Of the 50 men with tinnitus, 12 were sing-
ers (24%), 12 string instrumentalists (24%), and
18 wind instrumentalists (36%), of whom 13 (26%)
were brass instrumentalists. Of the 8 violinists with
tinnitus, 6 were bilateral and 2 were left-handed. In
addition, 4 viola players had tinnitus: 3 bilateral and
1 right-handed.

Regarding those who experienced irritability af-
ter musical activity, of the 33 women, 13 were sing-
ers (39%), 10 string instrumentalists (30%), and
10 wind instrumentalists (30%). Of the 31 men who
experienced the effect, 3 were singers (10%), 8 (26%)
were string musicians (6 of them violinists), and 13
were wind musicians (42%), of whom 9 (29%) were
brass musicians.

40 people experienced vertigo, with a higher
prevalence in women (27 cases, 68%) than in men.
Among the women who experienced vertigo, 19
were singers (70%), and of these, 10 were sopranos
(53%). Among the 13 men who experienced vertigo,
5 were wind musicians (38%) and 4 of them were
brass musicians (80%). Ear pain occurred primar-
ily in string and brass musicians (35% in each case).
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String musicians with ear pain were more men, and
brass musicians were women.

Only 5.5% of participants had high blood pres-
sure (9 cases). Of these, 8 (89%) were men, primarily
string and brass musicians (43% each). High blood
pressure in men was distributed more or less evenly
across all age groups from 26 years of age.

3.3. Second Data Set Processing: 84 Records
3.3.1 General Information

In this second data set, 43 women and 41 men
participated (51% and 49% respectively). 50% of
this population were under 35 years old, while ap-
proximately 11% were over 56. The remainder of the
sample is made up of participants between 36 and
55 years old.

49% of respondents were singers, constituting
the largest group, followed by bowed string (27%),
brass (9%), and woodwind (6%) instrumentalists.
As in the first data set, roles such as percussion and
plucked strings, and records without data, represent
less than 10% of the total population.

3.3.2 Reported Effects

18 of the participants (21%) reported needing a
conversation to be repeated; the number of cases
was equal between men and women. In the case of
women, this effect was reported more frequently
among singers, while in men it was reported
equally among singers and instrumentalists. In
both sexes, 4 of the 9 cases (44%) occurred before
the age of 35.

On the other hand, 13 of the participants
(15%) reported having hearing problems. The ef-
fect was more common in younger women and
older men. Most cases occurred among singers
(69%), and of these, the majority (56%) were so-
pranos. Furthermore, 12 of the participants (14%)
reported having to turn up the television volume.
The effect was more evident in men (58%) than in
women (42%) and more in singers (75%) than in
instrumentalists (25%).

In contrast, 71% of respondents reported no
effect.

3.4.’Third Data Set Processing: 59 Records
3.4.1 General Information

In this set of data, the sampled population has
very few participants under 25 years of age. Two
clearly differentiated groups are identified: on the
one hand, people over 46 years of age, who represent
54% of the population, with a majority of men; on
the other hand, people under 46 years of age, where
there is a greater presence of women in the 26-35
age range and men in the 36-45 age range.

Related to the proportion of participants’ roles:
29% are singers, followed by woodwind instrumen-
talists at 27%, bowed string players at 19%, and
brass players at 14%. Finally, conductor, percussion,
keyboards, and plucked strings make up the remain-
ing percentage.

3.4.2 Prevalence of Effects by Sex, Age and role

The most common effect was muscle contrac-
tures, reported by 45 individuals (76%). Of the
24 women who presented contractures, 11 (46%)
were singers and 13 (54%) instrumentalists, with
a similar prevalence across string and wind instru-
ments (46% in each case). Of the 21 men who re-
ported contractures, 20 (95%) were instrumentalists,
primarily wind instruments (65%) and among them,
the majority were brass instruments (85%).

Noise susceptibility was the second most reported
effect (28 cases, 47%). The effect was reported in an
equal number of men and women, but it appeared
earlier (in age) in women than in men. Among
women, 57% (8) were singers, and of these, 87%
were sopranos. Among instrumentalists (43%), the
majority (83%) were wind instrumentalists. Among
men, the vast majority of cases occurred in instru-
mentalists (86%). Among them, 7 (58%) were wind
instrumentalists, and most of them (71%) played
brass instruments.

24 people (41%) reported having trouble sleep-
ing, especially falling asleep. 13 of them (54%) were
women and 11 (46%) were men. The women were
more or less equally distributed between singers and
instrumentalists. All the singers were sopranos, and
the instrumentalists were predominantly woodwind.
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The majority of the men were instrumentalists
(91%), and among them, half were brass players.

Arthralgia was reported by 23 people (39%). The
13 women with arthralgia (56%) were equally dis-
tributed between singers and instrumentalists. All
men (44%) were instrumentalists, and 50% of them
played string instruments.

19 people (32%) reported tiredness or fatigue.
Most of the cases (74%) were women. Of these,
8 (57%) were singers, 7 of whom were sopranos
(87%). Among instrumentalists (43%), the majority
(83%) were wind musicians. The effect was present
in all age groups. In men (26% of the total cases), no
singer reported the effect. 60% of cases occurred in
wind instrumentalists, primarily brass instruments.

Headaches occurred in 17 cases (29%), primarily
in women (76%). Among them, the majority (69%)
were instrumentalists and 31% were singers (sopra-
nos). In men, the effect occurred in instrumentalists,
but not in singers.

15 cases reported a decline in performance (25%).
Among men (53%), the effect was more common in
instrumentalists, and 88% among them were brass
musicians. Among women, the effect occurred in
singers (43%) and instrumentalists (57%); among
this second group, most of them also played wind
instruments (75%).

In 13 cases (22%), digestive disorders, including
heartburn and reflux, occurred. Most cases were men
(54%), with majority (71%) of wind instrumental-
ists; among them, 60% played brass instruments. As
in women, most cases occurred after the age of 45.
In the case of women (46%), the effect was only re-
ported in singers, with 67% sopranos.

'The same number of cases (13, or 22%) reported
difficulty concentrating. Most of the cases were
women (62%), and a greater number of them were
instrumentalists (75%), equally distributed between
string and wind instruments. Among men, the ma-
jority (60%) were brass instrumentalists.

A slightly lower number of cases (12, or 20%) re-
ported memory impairment. In this case, there were
more men (58%) than women (42%). Most of the
men were instrumentalists (86%), but most of the
women (60%) were singers.

The results show that contractures reach values
close to 80% in most groups, with the exception of

those over 56 years of age. Effects such as difficulty
sleeping, noise sensitivity, and headaches tend to de-
crease with age, while arthralgia, decreased perfor-
mance, and digestive disorders tend to increase (see

Figure 2).
3.5. Effect Profiles by Role and Gender

Given that in some roles the number of record-
ings was considerable, it was possible to determine
profiles of the effects prevalent in these roles. In
these profiles, the effects with a prevalence of 40%
of more are mentioned in next paragraphs and syn-
thetized in Figure 3.

Cases (a) and (b) show the effect profiles of fe-
male and male woodwind instrumentalists. As it can
be seen, they are not the same. In the case of fe-
male, 89% reported irritability after noise exposure,
86% reported muscle contracture, 71% reported
tiredness/fatigue and the same percentage reported
noise susceptibility, difficulty sleeping; 56% reported
tinnitus, 43% reported headaches, difficulty concen-
trating, arthralgia and performance decrease. In the
case of male, 78% reported muscle contracture, 67%
reported tinnitus, 50% irritability after noise expo-
sure, 44% reported noise susceptibility and the same
percentage reported performance decrease.

Case (c) presents the profile of extra-auditory
effects in sopranos. Approximately 78% of them
reported contractures and the same percentage re-
ported fatigue/tiredness. 56% was the prevalence of
noise sensitivity difficulty sleeping, arthralgia and
digestive disorders. and. Subsequently, 44% reported
headache, 40% reported tinnitus and the same per-
centage reported vertigo.

Case (d) shows the profile of extra-auditory ef-
fects in male brass musicians. Approximately 71%
reported tinnitus, 67% of them reported contracture
and 50% irritability after noise exposure and 44%
reported difficulty sleeping.

Cases (e) and (f) show the effect profiles of bowed
strings instrumentalists of both genders. As it can
be seen, they are not the same. In the case of female,
100% reported muscle contracture and headache,
60% reported irritability after noise exposure, 50%
reported difficulty concentration and 47% reported
tinnitus. In the case of male, 100% reported muscle
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Figure 2. Prevalence of effects by age ranges (third data set).

contracture, 80% reported arthralgia, 60% reported
sleeping difficulty, 55% reported tinnitus, 40% re-
ported irritability after noise exposure and the same
percentage reported noise susceptibility.

Case (f) refers to violinists of both genders. 100%
reported muscle contracture, 50% reported arthral-
gia and the same percentage reported headache,
40% reported tinnitus and the same percentage re-
ported irritability after noise exposure and difficulty
concentration.

3.6. Multivariate Analysis

'The objective of this analysis is to identify associ-
ations between the extra-auditory effects and some
population characteristics, such as gender, age, and
role. To this end, it was decided to omit certain ef-
tects with a low prevalence in the established age
ranges, as well as those with a high prevalence in
most age ranges, as they do not provide differentiat-
ing information. Consequently, the following effects
were selected: vertigo, noise susceptibility, irritabil-
ity after noise exposure (post-musical irritability),

difficulty sleeping, difficulty concentrating, de-
creased performance, and memory impairment.

'The first step in the analysis was to perform a prin-
cipal components analysis (PCA). This method gener-
ates new variables, called principal components, which
are linear combinations of the original variables. From
PCA, several components were obtained. The top five
of them were selected for use in further analyses, as
they explain most of the variability in the data set.

Figure 4 shows the first two principal components
along with the contributions of the selected varia-
bles. It can be seen that the variables “difficulty con-
centrating”, “decreased performance”, and “memory
disturbance” are oriented toward the lower part of
the graph, forming a kind of intellectual or cogni-
tive profile. On the other hand, the variables “diffi-
culty sleeping,” “post-musical irritability,” and “noise
susceptibility” are oriented toward the positive part
of the first principal component (PC1), forming a
psychological profile associated with noise burden.
In this case, gender also plays a significant role. Age
and role appear to have little influence on the dif-
ferentiation of the reported effects.
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To further explore the relationships between the
effects and the demographic characteristics of the
population, a hierarchical dendrogram was con-
structed (see Figure 5). The dendrogram shows that
certain effects are clearly associated with each other;
for example, “memory impairment” and “noise sus-
ceptibility” are related to roles (i.e., the instrument
played). Similarly, a relationship is identified be-
tween age and decreased performance. On the other
hand, some variables, such as difficulty concentrating

0.4

0.2 0

or post-musical activity irritability, appear further
separated in the dendrogram, indicating that they
are less correlated with the other variables analyzed,
as if they were independent of gender, age, or the
instrument played.

4. CONCLUSIONS

Three data sets about extra-auditory effects of
high sound pressure levels exposure of musicians
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were analyzed. The distribution by sex and age range
was balanced in most cases, and a significant group
of those over 46 years of age was observed.

Singers constituted the largest group in all sets
(45-50%), followed by bowed string, woodwind,
and brass players. Other roles, such as percussion,
keyboard, conducting, or plucked strings, generally
represented less than 10% of the samples.

Among the reported effects, the most prevalent
were contractures, fatigue/tiredness, difficulty sleep-
ing, and noise sensitivity, followed by arthralgia and
headaches. Tinnitus was also common, especially
among singers and some instrumentalists. Tinnitus
increased with age in women and remained high in
men; irritability was higher in young women and
decreased in men over 56 years of age.

'The most frequent effects in women were mus-
cle contracture (86%), followed by tiredness/fatigue
(50%), noise susceptibility (50%) and tinnitus (47%).

The most frequent effects in men were muscle
contracture (68%), followed by tinnitus (65%), noise
susceptibility (45%) and post-musical activity irrita-
bility (40%).

Role and gender profiles showed that:

- Soprano singers have a higher prevalence of
muscle contracture, tiredness/fatigue, noise
sensitivity, difficulty sleeping, arthralgia, diges-
tive disorders, headache, tinnitus and vertigo.
They are the second most suffering category
of musicians, according to their effect profile.

- Male brass musicians experience tinnitus,
muscle contracture, post-musical activity ir-
ritability and difficulty sleeping.

- All woodwind instrumentalists experiment
muscle contracture, tinnitus, post-musical
activity irritability, noise susceptibility and
decreased performance.

- Female woodwind musicians also experiment
tiredness/fatigue, headache, difficulty sleep-
ing, difficulty concentration and arthralgia.
They are the most suffering category of mu-
sicians, according to their effect profile.

- Bowed strings instrumentalists of both gen-
dersreported muscle contracture,post-musical
activity irritability and tinnitus. Men also
experienced arthralgia, difficulty sleeping

and noise sensitivity, while woman presented
headache and difficulty concentration.

- Violinists, regardless of gender, have a high
prevalence of muscle contracture, arthralgia,
headache, tinnitus, post-musical activity irri-
tability and difficulty concentration.
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ABSTRACT

Background: 75is study aimed to investigate the diagnostic and prognostic values of serum levels of Krebs von
den Lungen-6 (KL-6) and surfactant protein-D (SP-D) in patients with hypersensitivity pneumonitis (HP).
Methods: Serum samples were collected from patients diagnosed with HP and from a healthy control group. KL-6
and SP-D levels were measured using ELISA. HP cases were further compared across fibrotic and non-fibrotic
subgroups and between those receiving treatment and those not. The relationships between respiratory function tests
(DLCO, FEV;, FVC) and biomarker levels were examined. Results: Both KL-6 (median 5.95 ng/ml vs 5.4 ng/mi,
$<0.001) and SP-D (median 14.87 ng/ml vs 14.72 ng/ml, p<0.05) levels were significantly higher in HP patients
than in the control group. In non—fibrotic HP patients, KL-6 levels were higher than in the fibrotic group (median
6.07 ng/ml vs 5.62 ng/ml, p<0.05), while no significant difference was observed for SP-D (p=0.71 ). KL-6 lev-
els were significantly higher in untreated cases than in treated cases (median 6.30 ng/ml vs 5.65 ng/ml, p<0.01 ),
whereas the difference in SP-D was not significant (p=0.26). Conclusions: KI.-6 emerges as a sensitive biomarker
for the diagnosis of HE, assessment of disease activity, and monitoring of treatment response. SP-D, although reflect-
ing inflammatory processes, seems to have limitations in evaluating fibrotic progression.

1. INTRODUCTION

Hypersensitivity pneumonitis (HP) is an in-
flammatory and/or fibrotic interstitial lung disease
(ILD) that affects the lung parenchyma and small
airways. It develops in susceptible individuals fol-
lowing exposure to inhaled antigens [1, 2]. HP is
the third most common form of ILDs, accounting
for up to 47.3% of all cases [3-8]. More than 50
different occupations and exposures associated with
HP have been identified [1, 2]. The main causative

Received 23.11.2025 — Accepted 17.03.2026

agents in the disease’s etiology are microorganisms,
animal proteins, and organic and inorganic dust
particles. HP is classified as fibrotic or non-fibrotic
based on imaging and histopathological findings.
'The 7-year survival rate for fibrotic HP is 40.8%, in-
dicating a poorer prognosis compared to many types
of cancer [9-11].

Clinically, cough, dyspnea, fever, and fatigue are
prominent symptoms [12-14]. While some pa-
tients present with acute symptoms, others may
progress to the fibrotic stage [6]. History, exposure

*Corresponging Author: Asuman Aslan Kara; E-mail: drasuaslan@gmail.com
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determination, and high-resolution computed to-
mography (HRCT) are critical for diagnosis [15].
Antigen removal is the basis of treatment for HP.
Survival is poorer in cases where exposure cannot
be identified and continues [13, 16]. Serum-specific
IgG, bronchoalveolar lavage (BAL) lymphocytosis,
and lung biopsy are supportive methods in the di-
agnosis of HP [4]. Due to the high mortality and
rapid progression of fibrotic HP, there is a need for
biomarkers to identify high-risk patients at an early
stage [5, 8].

In this context, KL.-6, which reflects type II alveo-
lar epithelial damage, and SP-D, which is involved
in the immune response, are prominent biomarkers.
KL-6 is a high molecular weight glycoprotein found
on the membrane of type II alveolar epithelial cells. It
is released during cell damage and has been associated
with activity and prognosis in interstitial lung diseases
[5,8,17,18]. SP-D is a collectin secreted from type
IT pneumocytes and involved in the innate immune
response [8, 19]. Serum KL-6 and SP-D levels are
used in the diagnosis and follow-up of various ILDs,
including HP, particularly in Japan. They have been
associated with epithelial damage and mortality
[8, 13, 20, 21]. However, studies specific to HP are
limited [1, 5]. Although KL.-6 and SP-D biomarkers
have been evaluated in hypersensitivity pneumonia in
previous studies, many of these studies have not thor-
oughly analyzed biomarker levels in conjunction with
clinical findings, radiological features, and treatment
strategies. This study aimed to evaluate serum KL-6
and SP-D levels in patients diagnosed with HP and

to determine the factors affecting these levels.
2. METHODS

This cross-sectional study included 42 patients
with hypersensitivity pneumonitis (HP) and 42
age- and gender-matched healthy volunteers. The
Ethics Committee of Ankara Sanatorium Training
and Research Hospital approved the study (2024-
BCEK/247), and all participants provided informed
consent. The HP diagnosis was established through
a multidisciplinary evaluation by an experienced
pulmonologist, radiologist, pathologist, and occu-
pational disease specialist at the Interstitial Lung
Diseases Council.

The control group comprised individuals in
whom HP was ruled out. Their occupations and en-
vironmental exposures (e.g., dust, chemicals, animal
allergens) were investigated, and they had no con-
nective tissue, autoimmune, or malignancy-related
interstitial lung diseases. Patient data included de-
mographics, exposure history, occupation, smoking
status, comorbidities, HRCT findings, pulmonary
function tests (FEVy, FVC, FEV/FVC, DLCO),
6-minute walk test (6MW'T), and lab results. Pa-
tients were classified as fibrotic or non-fibrotic HP
based on radiological and histopathological features.

Serum KL-6 and SP-D levels were measured in
ng/mL using commercial ELISA kits (Shanghai
Coon Koon Biotech) according to the manufac-
turer’s instructions. Washing was performed with
HUMAN COMBI WASH, and optical density
was read with the NEXT LEVEL ALISEI device.
All analyses followed the manufacturer's protocols;
raw results were multiplied by the dilution fac-
tor to obtain final concentrations. Internal quality
control results were within the reference ranges.
Samples were collected via centrifugation at ap-
propriate conditions, and measurements at 450 nm
confirmed ELISA accuracy and reliability. No ad-
ditional accuracy tests were conducted. The study
evaluated the relationships between KL-6 and
SP-D levels in fibrotic and non-fibrotic HP groups
and controls.

Using GPower 3.1, the minimum sample size
required to achieve 90% power with an effect size
of 0.6 was calculated as 39 patients with hypersen-
sitivity pneumonia and 39 healthy controls. To ac-
count for potential data loss, 42 patients and 42
healthy volunteers were included. Data were ana-
lyzed using IBM SPSS Statistics 22.0 software.
Categorical variables were presented as counts (%),
and numerical variables as mean # standard devia-
tion. Normality of distribution was assessed using
the Kolmogorov-Smirnov test. The chi-square test
was used for categorical variables, the Kruskal-
Wallis and Mann-Whitney U tests for intergroup
comparisons, and the Spearman correlation coef-
ficient for correlation analyses. ROC analysis was
performed for the diagnostic accuracy of biomark-
ers. A p-value < 0.05 was considered statistically
significant.
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3. RESULTS

'The study included 42 healthy individuals in the
control group and 42 individuals with HP in the
study group. Smoking history was detected more
frequently in the HP group (64.3% vs. 50%), but the
difference was not statistically significant (p=0.27).
Symptoms were detected in 83.3% of the HP group,
while all individuals in the control group were
asymptomatic. The most common symptoms were
cough (61.9%), shortness of breath (69.0%), sputum
(33.3%), fever (19.0%), and weight loss (16.7%).
The presence of comorbidities was similar in both
groups (control 42.9%, HP 45.2%). When exposure
types were examined in the HP group, animal pro-
tein exposure was the most common (54.7%). This
was followed by unknown exposure (26.1%), metal
exposure (7.1%), fungal-mold exposure (7.1%), and
plant protein exposure (4.7%).

Laboratory tests revealed significantly elevated
WBC and CRP levels in the HP group (p<0.001
for both). There was no difference in LDH values
(p=0.40). In respiratory function tests, FEV1, FVC,
and FEV1/FVC were similar, while DLCO/SB was
significantly lower in the HP group (82.1+24.0 vs
98.1+9.9; p<0.01).

The 6-Minute Walk Test (6-MW'T) distance was
similar in both groups (p=0.21), but the HP group
had lower start and end oxygen saturations (O, sat)
(p<0.01 and p<0.001, respectively), a lower start
heart rate, and a significantly higher end heart rate
(p<0.01 for both).

High-resolution computed tomography (HRCT)
findings revealed that ground-glass opacity was the
most frequently observed finding in HP patients
(41.7%), followed by centrilobular nodules, linear
reticular pattern, mosaic attenuation, honeycomb
pattern, traction bronchiectasis, and fibrosis. 66.7%
of HP patients were recorded as non-fibrotic and
33.3% as fibrotic type. In terms of treatment, 42.8%
of HP patients received no treatment, while 57.1%
received treatment. Among the treated patients,
83.3% (n=20) received steroid treatment, and 16.6%
(n=4) received a combination steroid and antifi-
brotic treatment (Table 1).

When HP patients were classified as fibrotic
(n=14) and non-fibrotic (n=28), the age distribution

was similar between groups (p=0.36). A significant
difference was observed by gender: the proportion
of women in the non-fibrotic group was 39.3%,
whereas in the fibrotic group it was only 7.1% (p <
0.05). Smoking status and presence of comorbidities
did not differ between groups (p=0.30 and p=0.74,
respectively). There was no significant difference in
the presence of symptoms between the two groups
(non-fibrotic 85.7%, fibrotic 78.6%; p=0.66). The
two groups were similar in terms of exposure types;
animal protein exposure was the most common
(non-fibrotic 57.1%, fibrotic 50.0%; p=0.74).

Laboratory findings showed that WBC values were
slightly higher in the fibrotic group (Table 2), but the
difference was borderline significant (p=0.05); there
was no significant difference between the groups in
CRP and LDH values.

In respiratory function tests, FEV1, FVC, and
FEV1/FVC were similar; however, DLCO/SB was
significantly lower in the fibrotic group (69.2+19.1
vs. 88.5£23.9; p<0.05). There were no differences
between the groups in 6-Minute Walk Test distance
and oxygen saturation values. In HRCT findings,
centrilobular nodules were more common in the
non-fibrotic group (92.9% vs 57.1%; p<0.05), while
honeycombing was more common in the fibrotic
group (85.7% vs 7.1%; p<0.001). Traction bron-
chiectasis (85.7% vs 17.9%; p<0.001) and fibrosis
(100% vs 0; p<0.001) were predominant in the fi-
brotic group. Ground-glass opacity was similar in
both groups.

When examining the diagnostic methods for
cases diagnosed with hypersensitivity pneumoni-
tis (HP), it was determined that 61.9% of patients
(n=26) were diagnosed based on clinical and ra-
diological findings, 30.9% (n=13) were confirmed
histopathologically, and 7.1% (n=3) were diagnosed
based on bronchoalveolar lavage (BAL) findings.
Regarding treatment status, approximately half of
both groups had received treatment (non-fibrotic
57.1%, fibrotic 57.1%). (Table 2)

In terms of KLL-6 and SP-D biomarkers, both
KL-6 (median 5.95 ng/ml vs 5.4 ng/ml, p<0.001)
and SP-D (median 14.87 ng/ml vs 14.72 ng/ml,
p<0.05) levels were significantly higher in HP pa-
tients than in the control group. In non-fibrotic HP
patients, KL.-6 levels were higher than in the fibrotic



Table 1. Sociodemographic Characteristics of Patients

AsvLaN KARA ET AL

Without Hypersensitivity ~ With Hypersensitivity

Pneumonitis Pneumonitis
(Control Group) (Study Group)
n=42 n=42
n(%) n(%) pvalue
Age 30-39 6(14.3) 5(11.9) 0.97%
(decade) 40-49 10(23.8) 11(26.2)
50-59 12(28.6) 12(28.6)
>60 14(33.3) 14(33.3)
Gender Female 11(26.2) 12(28.6) >0.99*
Male 31(73.8) 30(71.4)
Smoking No 21(50.0) 15(35.7) 0.27
Yes 21(50.0) 27(64.3)
Former 0 17(40.5)
Current 21(100) 10(23.8)
Symptoms No 42(100) 7(16.7) <0.001
Yes! 0 35(83.3)
Cough 26(61.9)
Sputum 14(33.3)
Dyspnea 29(69.0)
Fever 8(19.0)
Weight loss 7(16.7)
Comorbidities No 24(57.1) 23(54.8) >0.99*
Yes? 18(42.9) 19(45.2)
DM 12(28.6) 13(31.0)
HT 11(26.2) 11(26.2)
other 0 6(14.3)
Exposure Type Animal protein 23(54.7)
Unknown 11(26.1)
Metal 3(7.1)
Fungus-mold 3(7.1)
Plant protein 2(4.7)
Laboratory® WBC 6(5-8) 7(5-13) <0.001°
CRP 2(1-5) 4(1-81) <0.001°
LDH 174.5(139-210) 174.5(26-436) 0.40°
Pulmonary FEV1 83.0+6.7 85.2+21.8 0.44°
function test* FVC 84.5:8.2 88.4:22.7 0.21°
FEV1/FVC 79.4+3.3 78.6+5.2 0.37°
DLCO/SB 98.1+9.9 82.1+24.0 0.001°




BiomarkERrs oF HYPERSENSITIVITY PNEUMONITIS

Without Hypersensitivity ~ With Hypersensitivity

Pneumonitis Pneumonitis
(Control Group) (Study Group)

n=42 n=42

n(%) n(%) p value

6 MWT Not completed 0 2(4.8) 0.49*
Completed 42(100) 40(95.2)
Distance (meters) 480(400-600) 480(400-720) 0.21°

Start sat O, 97(92-98) 95(82-99) 0.002"

End sat O, 96(90-102) 93(65-99) <0.001°

Start heart rate 96(83-99) 91.5(70-119) 0.005"

End heart rate 97(83-108) 105(71-142) 0.001°
High-Resolution Ground glass 35(41.7)
Computed Centrilobular nodule 34(40.5)
Ezgzgzap by Linear reticulation 29(34.5)
(HRCT)® Mosaic attenuation 22(26.2)
Traction bronchiectasis 17(20.2)
Honeycombing 14(16.7)
Fibrosis 14(16.7)
HP type Non-fibrotic 28(66.6)
Fibrotic 14(33.3)
Treatment status No 18(42.8)
Yes 24(57.1)

4 patient has more than one symptom; ’4 patient has more than one comorbidity; Smedian(min-max); * mean=standard deviation;
A patient has more than one radiology finding; * xz; I’Mann—Wbiz‘ney U test; DM: Diabetes Mellitus; HT: Hypertension; 6 MWT:

6-minute walk test

Table 2. Comparison of hypersensitivity pneumonitis subgroups

Non-fibrotic Fibrotic
n=28 n=14
n(%) n(%) p value
Age 30-39 4(14.3) 1(7.1) 0.36*
(decade) 40-49 6(21.4) 5(35.7)
50-59 10(35.7) 2(14.3)
>60 8(28.6) 6(42.9)
Gender Female 11(39.3) 1(7.1) 0.03*
Male 17(60.7) 13(92.9)
Smoking No 12(42.9) 3(21.4) 0.30°
Yes 16(57.1) 11(78.6)

Table 2 (Continued)
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Non-fibrotic Fibrotic
n=28 n=14
n(%) n(%) p value
Symptoms No 4(14.3) 3(21.4) 0.66"
Yes ! 24(85.7) 11(78.6)
Comorbidities No (n=23) 16(57.1) 7(50.0) 0.74*
Yes? (n=19) 12(42.9) 7(50.0)
Exposure types Animal protein (n=23) 16(57.1) 7(50.0) 0.74*
Unknown (n=11) 8(28.6) 3(21.4)
Metal (n=3) 1(3.6) 2(14.3)
Fungus-mold (n=3) 2(7.1) 1(7.1)
Plant protein (n=2) 1(3.6) 1(7.1)
Laboratory® WBC 7(5-13) 8(5-11) 0.05°
CRP 3.5(1-28) 4.5(3-81) 0.07°
LDH 171.5(99-436) 187.5(26-260) 0.28"
Pulmonary function test* FEV1 87.5+22.1 80.5+21.1 0.29°
FVC 92.3+23.5 80.5+19.6 0.13
FEV1/FVC 77.8+5.1 80.2+5.2 0.06"
DLCO/SB 88.5+23.9 69.2+19.1 0.01°
6 MWT?3 Not completed (n=2) 2(7.1) 0 0.54*
Completed (n=40) 26(92.9) 14(100)
Distance (meters) 480(400-720) 480(400-640) 0.80P
Start sat O, 95(89-99) 94.5(82-98) 0.33
End sat O, 94(80-98) 91(65-99) 0.16
Start heart rate 92(70-111) 90(76-119) 0.33
End heart rate 105(71-140)  105(85-142) 0.95°
High-Resolution Ground-glass (n=35) 24(85.7) 11(78.6) 0.66*
COI‘[.lputh Tomography Centrilobular nodule (n=34) 26(92.9) 8(57.1) 0.01*
?ﬁig%;) s Linear reticulation (n=29) 17(60.7) 12(85.7) 0.15*
Mosaic attenuation (n=22) 17(60.7) 12(85.7) 0.23*
Honeycomb (n=14) 2(7.1) 12(85.7) <0.001*
Traction bronchiectasis (n=17) 5(17.9) 12(85.7) <0.001*
Fibrosis (n=14) 0 14(100) <0.001*
Treatment status No (n=18) 12(42.9) 6(42.9) >0.05*
Yes (n=24) 16(57.1) 8(57.1)

14 patient has more than one symptom.

24 patient has more than one comorbidity.

3 median(min-max) * meanxstandart deviation.
A patient has more than one radiology finding.

“ Chi sqare test.
bMann—W})iz‘ney U test.
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Figure 1. Median values of serum KL-6 and SP-D levels in the hypersensitivity pneumonitis (study)
group and the non-hypersensitivity pneumonitis (control) group.

group (median 6.07 ng/ml vs 5.62 ng/ml, p<0.05),
and SP-D values did not differ significantly between
the groups (p=0.71).

Serum KL-6 and SP-D levels in the hypersensi-
tivity pneumonitis group and the control group are
shown in Figure 1.

KL-6 values were significantly higher in untreated
patients than in treated patients (median 6.30 ng/ml
vs 5.65 ng/ml, p<0.01), whereas there was no signif-
icant difference in SP-D levels (p=0.26). (Table 3)

The median KL-6 value was 5.70 (4.05-11.60)
in the comorbidities group and 5.50 (3.05-37.30)
in the non-comorbidities group. The median SP-D
value was 14.95 (5.0-17.80) in the group with co-
morbidities and 14.65 (7.10-94.95) in the group
without comorbidities. KL.-6 and SP-D values did
not differ significantly between the groups based
on the presence of comorbidities (p = 0.17 and
p = 0.33, respectively). When examined by expo-
sure type, KL-6 and SP-D values also did not differ
(p = 0.41 and p = 0.06, respectively). (Table 4)

When KL-6 and SP-D values were evaluated
based on HRCT findings in HP patients, it was
found that KLL-6 values were significantly higher in
individuals without linear reticulation compared to
those with linear reticulation (median 6.85 ng/ml
vs 5.65 ng/ml; p<0.01), while no difference was ob-
served in SP-D values (p=0.24). Additionally, KL.-6
values were significantly higher in patients without
fibrosis than in those with fibrosis (6.07 ng/ml vs
5.62 ng/ml; p<0.05), whereas SP-D levels were not
statistically different (p=0.07).

Honeycomb and traction bronchiectasis were
found to be associated with significantly higher
SP-D levels compared to those without (p<0.05 for
both), while no significant association was observed
for KL-6 levels. There was no significant relation-
ship between the markers and ground-glass opacity,
centrilobular nodules, or mosaic attenuation (p>0.05
for all). (Table 5)

Spearman correlation analysis revealed a weak
positive correlation between KL-6 and SP-D values
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Table 3. Comparison of KL.-6 and SP-D values between patients with and without hypersensitivity pneumonitis.

KL-6* (ng/ml) p value** SP-D* (ng/ml) p value™
Without Hypersensitivity Pneumonitis 5.4(3.05-6.20) <0.001 14.72(5.0-16.80) 0.03
(Control Group) n=42
With Hypersensitivity Pneumonitis 5.95(4.15-37.30) 14.87(11.8-94.5)
(Study Group) n=42
Non-fibrotic (n=28) 6.07(4.15-37.3) 0.04 15.07(14.0-94.95) 0.71
Fibrotic (n=14) 5.62(4.75-6.35) 14.45(11.8-17.05)
No treatment (n=18) 6.30(5.35-37.3) 0.005 14.95(13.35-94.95) 0.26
Treated (n=24) 5.65(4.15-7.30) 14.82(11.8-19.75)
*median(min-max); **Mann Whitney-U test; KL-6: Krebs von den Lungen-6; SP-D : Surfactant Protein-D.
Table 4. Association of KL.-6 and SP-D markers with comorbidities and exposure.
KL-6'(ng/ml) p value SP-D' (ng/ml) p value
Comorbidities ~ No (n=47) 5.50(3.05-37.30) 0.172 14.65(7.10-94.95) 0.332
Yes (n=37) 5.70(4.05-11.60) 14.95(5.0-17.80)
Exposure type ~ Animal protein (n=23) 6.05(4.15-37.30) 0.4 15.10(14-94.95) 0.06°

Unknown (n=11)
Metal* (n=3)
Fungus-mold (n=3)

5.90(5.20-8.55)
6.0(5.65-6.25)
5.5(4.75-5.50)
8.2(4.8-11.6)

14.75(14.15-19.75)
14.15(13.36-14.25)
14.5(11.80-15.45)

Plant protein (n=2) 16.95(16.70-17.20)

1 median(min-max); 2 Mann Whitney-U ftest; 3 Kruskal Wallis test; * Occupations af the cases with metal exposure were metal process-
ing (n=1) and hard metal cutting (n=2). Identified exposure agents were metalworking fluids (boron oil, n=1) and cobalt (n=2).

Table 5. Comparison of HRCT findings with KL.-6 and SP-D values.

HRCT Findings ' (n=42) KL-67(ng/ml) p value? SP-D?(ng/ml) p value?

Ground-glass No (n=7) 5.65(5.35-6.35) 0.32 14.6(14.15-16.80) 0.91
Yes (n=35) 6.05(4.15-37.3) 14.9(11.8-94.95)

Centrilobular nodule No (n=8) 5.82(4.80-8.55) 0.91 14.42(13.35-16.70) 0.14
Yes (n=34) 5.95(4.15-37.3) 14.92(11.8-94.95)

Linear reticulation No (n=13) 6.85(4.15-37.3) 0.009 15.05(14.05-94.95) 0.24
Yes (n=29) 5.65(4.75-7.95) 14.85(11.8-17.05)

Mosaic attenuation No (n=20) 5.65(4.15-37.30) 0.14 14.75(14.15-94.95) 0.27
Yes (n=22) 6.20(4.75-9.45) 14.92(11.8-17.8)

Honeycombing No (n=28) 6.07(4.15-37.3) 0.07 15.07(14.0-94.95) 0.02
Yes (n=14) 5.62(4.75-7.30) 14.45(11.8-16.7)

Traction bronchiectasis No (n=25) 6.15(4.15-37.3) 0.06 15.10(14.0-94.95) 0.02
Yes (n=17) 5.65(4.75-7.30) 14.6(11.8-16.8)

Fibrosis No (n=28) 6.07(4.15-37.30) 0.04 15.07(14.0-94.95) 0.07
Yes (n=14) 5.62(4.75-6.35) 14.45(11.8-17.05)

4 patient may have more than one HRCT finding; 2 median (min-max);> Mann- Whitney-U test.
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in HP patients, but this correlationwas not statisti-
cally significant (rho=0.212; p=0.178).

Correlation analysis was also conducted between
KL-6 and SP-D levels and respiratory function pa-
rameters, showing no statistically significant rela-

tionships with DLCO-SB, FEV3, or FVC.
3.1. ROC Analysis

The diagnostic performance of the KL-6 and
SP-D biomarkers for hypersensitivity pneumoni-
tis was evaluated using ROC analyses. KL-6 was
shown to provide moderat diagnostic value for
the diagnosis of HP (AUC=0.76; SE=0.05; 95%
CI 0.66—0.86; p<0.001). The cut-off value was
>5.42 ng/ml, with a sensitivity of 78% and specificity
of 42%.

SP-D had more limited but significant diagnostic
performance(AUC=0.63; SE=0.06; 95% CI 0.51-
0.75; p=0.03). The cut-off value was >14.57 ng/ml,
with a sensitivity of 64% and a specificity of 52%
(Figures 2 and 3).
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Figure 2. KL.-6 marker ROC curve (AUC=0.76; SE=0.05;
95% CI 0.66-0.86; p<0.001).
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Figure 3. SP-D marker ROC curve (AUC=0.63; SE=0.06;
95% CI 0.51-0.75; p=0.03).

4. DISCUSSION

Hypersensitivity pneumonitis (HP) is an inter-
stitial lung disease that requires early diagnosis and
regular follow-up. Its fibrotic form, in particular, can
clinically mimic idiopathic pulmonary fibrosis (IPF)
and carries a high mortality risk. In this context, KL-6
and SP-D are gaining importance as potential bio-
markers for assessing disease activity and course. In
our study, significant differences in serum KL-6 and
SP-D levels were observed between patients with
HP and healthy controls. Important findings related
to subtypes and treatment status were also noted.
'The highest levels of both biomarkers were observed
in the non-fibrotic HP group, whereas lower levels
were observed in patients receiving systemic steroid
treatment, suggesting that KL.-6 and SP-D may be
associated not only with disease presence but also
with inflammatory activity and treatment response.
Therefore, it was emphasized that these biomark-
ers have the potential to serve as helpful indicators

of disease course. ROC analyses indicate that KL.-6
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may show supportive performance in distinguishing
between the HP and control groups, whereas SP-D
has more limited discriminative value. However, due
to the study design, variability in biomarker levels,
and sample size, these results should be interpreted
with caution.

Although some significant correlations between
KL-6 and SP-D and respiratory function param-
eters have been reported in previous studies [22],
these relationships were limited to specific param-
eters or were weak [23, 24]. Other studies found
no significant correlations [25, 26]. In our study, no
statistically significant relationships were observed
between serum KI.-6 and SP-D levels and DLCO,
FEVy, or FVC, suggesting that measurements of
biomarkers at a single time point may not reveal a
clear linear relationship, which might be more evi-
dent when monitoring changes over time or assess-
ing specific patient subgroups. Additionally, factors
like population heterogeneity, small sample size,
the timing of measurements, treatment status, and
disease stage may also contribute to the inability to
statistically demonstrate these relationships.

The literature reports that carbon monoxide dif-
fusion capacity (DLCO) is significantly lower in
patients with fibrotic HP than in those with non-
fibrotic HP [27]. Consistent with these findings, our
study also found DLCO values to be lower in the fi-
brotic HP group than in the non-fibrotic HP group.
Furthermore, KIL-6 levels were significantly higher
in HP patients without a linear reticular pattern or
fibrosis, and SP-D levels were significantly higher
in those without honeycomb and traction bronchi-
ectasis. Conversely, although increases in both bio-
markers were observed in cases with ground-glass
opacities, centrilobular nodules, and mosaic attenu-
ation, these differences were not statistically signifi-
cant. In cases where linear reticulation and fibrotic
patterns dominate, low KL-6 levels indicate loss of
type I alveolar epithelial cells and decreased cel-
lular activity; whereas in advanced fibrotic stages
accompanied by honeycomb and traction bronchi-
ectasis, decreased SP-D levels can be explained by
destruction of alveolar architecture and a reduction
in surfactant-producing cells. The literature reports
that BAL KL-6 levels in HP patients are associ-
ated with HRCT findings and lymphocytosis [3],

and that elevated serum KL-6 levels correlate posi-
tively with reticular patterns and honeycombing
[28]. These data suggest that KI.-6 may serve as a
potential biomarker for monitoring disease activity
and prognosis in both HP and IPF. In fibrotic HP,
structural HRCT findings have been linked to poor
prognosis [13], while inflammatory findings are as-
sociated with a better prognosis [29]. Our current
study also indicates that KL.-6 and SP-D levels may
be associated with distinct pathological patterns ob-
served on HRCT and that these biomarkers may
vary by disease phenotype. Overall, these findings
suggest that both biomarkers are associated with
pathophysiological processes reflecting different ra-
diological stages of HP.

In our study, serum KL-6 levels were significantly
higher in non-fibrotic HP patients than in fibrotic
HP patients, whereas no significant difference was
observed in SP-D levels. The interaction between
inflammation and fibrosis plays a crucial role in
the pathogenesis of HP. The inflammatory process,
which is predominant in the early stages, leads to
alveolar damage and activation of type II pneumo-
cytes, resulting in increased release of biomarkers
such as KL-6 and SP-D. Prolonged or recurrent in-
flammation triggers fibroblast activation and matrix
accumulation through interactions with epithelial-
structural cells, leading to fibrotic transformation.
'Therefore, prolonged disease duration or inadequate
inflammation control may cause initially elevated
KL-6 and SP-D levels to exhibit different patterns
over time as fibrosis develops [30].

In the literature, KI.-6 has been linked to the
prognosis of fibrotic hypersensitivity pneumoni-
tis (HP), and its serial measurement is valuable for
early identification of patients at risk of progression
[5]. KL-6 is a cell membrane protein secreted by
type II pneumocytes and is elevated in interstitial
lung diseases (ILDs) with significant inflammation.
It can serve as a prognostic and diagnostic marker
to distinguish between non-fibrotic and fibrotic
HP. It has been reported to correlate with disease
activity in both acute and chronic HP, and in non-
fibrotic HP, early alveolitis and elevated serum levels
may indicate mild alveolar damage [31, 32]. Simi-
larly, high serum KIL-6 levels have been observed in

cases diagnosed in both domestic and occupational



BiomarkERrs oF HYPERSENSITIVITY PNEUMONITIS 11

contexts. It has been emphasized that alveolitis may
be present in the early stages of non-fibrotic HP[3].
KL-6 differs from SP-D structurally; it’s a cell
membrane protein, and increased serum levels in-
dicate membrane damage and enzyme activation. If
SP-D increases without a rise in KL-6, it may sug-
gest mild alveolar damage [33]. Our study supports
KL-6 reflecting disease activity and being higher
in non-fibrotic HP than in fibrotic cases, whereas
SP-D is less sensitive for this distinction.

In our study, we found that serum KIL.-6 levels were
significantly lower in HP patients receiving corticos-
teroid treatment compared to those not receiving
treatment. Although a decrease in SP-D levels was
also observed, this difference was not statistically sig-
nificant. Increased KL-6 production in plasma is con-
sidered a sensitive indicator of alveolitis, and serum
KL-6 levels in interstitial lung diseases (ILD) have
prognostic and diagnostic value, reflecting both dis-
ease activity and severity [34]. KL-6, produced dur-
ing the regeneration of type II alveolar epithelial cells,
supports epithelial repair in response to alveolar dam-
age, and high plasma levels are considered an indica-
tor of increased airway epithelial permeability [35].
Therefore, targeting KL-6 therapeutically may help
achieve optimal effect before fibrosis develops when
corticosteroids are administered in the early stages of
the disease. Consequently, the detection of elevated
plasma KL-6 levels in early-stage HP patients with
normal spirometry is clinically significant [36].

In the literature, higher KL-6 levels were ob-
served in the non-fibrotic HP group compared to
fibrotic cases, suggesting a link with pneumocyte
renewal in response to alveolar damage [37]. Previ-
ous studies have shown that HP exacerbations are
associated with increases in KLL-6 and SP-D levels,
while corticosteroid treatment and avoidance of the
antigen decrease these biomarker levels [20]. Our
study demonstrates that treatment lowers KL.-6 and
SP-D levels, with a more significant and stronger ef-
tect on KLL-6. Fibrotic HP has been reported to have
a 7-year survival rate estimated at 40.8% in recent
studies and to exhibit worse outcomes than many
cancers [10, 11]. Increased mortality has highlighted
the need for accurate and timely diagnosis and ex-
posure assessment to improve disease outcomes
[8]. Research indicates that serial measurements of

KL-6 can predict survival, which is associated with
the poor prognosis and high mortality of fibrotic
HP [38]. Additionally, acute exacerbations are con-
sidered negative prognostic indicators, and simply
avoiding the antigen is not always enough [13, 39].
These findings support the clinical value of KL-6
and SP-D in HP diagnosis, disease phenotype dif-
ferentiation, and monitoring disease activity. They
also emphasize the importance of biomarker panels
for early diagnosis and prognostic prediction.

One of the strengths of our study is that serum
KL-6 and SP-D levels in patients with HP were
evaluated in detail across fibrotic and non-fibrotic
subgroups. Furthermore, the inclusion of a healthy
control group contributed to a clearer understand-
ing of the diagnostic value of these biomarkers. The
study's scope was broadened and its clinical relevance
increased by examining KL.-6 and SP-D in Hyper-
sensitivity Pneumonitis not only biomarker levels
but also relationships with pulmonary function tests,
HRCT findings, exposure types, and treatment re-
sponse. The fact that our findings are largely consist-
ent with the current literature also supports the value
of KL-6 and SP-D as both diagnostic and prognos-
tic biomarkers in clinical practice for HP.

Our study has limitations, including a small sample
size reducing statistical power, especially in subgroup
analyses. Unlike previous studies reporting KL.-6 and
SP-D in U/mL, ours used ng/mL, limiting direct
comparison, though findings align with literature [40,
41]. Biomarkers measured at a single time point pre-
vented assessment of disease activity changes. Varia-
tions in treatment, exposure, and measurement units
hindered interpretation. Non-standardized corticos-
teroid doses and treatment durations may explain
the lack of significant SP-D changes. Being cross-
sectional without longitudinal follow-up, conclusions
on KL-6 are based on literature. As a single-center

study, generalizability may be limited.
5. CONCLUSION

In conclusion, serum levels of KIL.-6 and SP-D
were higher in HP patients than healthy controls.
KL-6 was elevated in non-fibrotic HP cases com-
pared to fibrotic ones, indicating it reflects disease
activity. SP-D, though sensitive for monitoring,
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showed less difference than KL-6. The decline in
serum KL-6 with steroid treatment suggests it helps
monitor alveolar damage and treatment response.
Our study supports the diagnostic and prognostic
value of KL.-6 and SP-D in HP, potentially linked
to diagnosis and disease phenotype. Lower levels
in treated patients indicate these markers vary with
treatment and may reflect decreased inflammation.
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