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Abstract

Objective Occupational exposure to antineoplastic drugs presents significant health risks to workers, necessitating
a comprehensive understanding of both dermal and inhalation exposures. This systematic review examines the rela-
tive significance of cutaneous versus inhalation exposure among professionals handling these potent medications.

Study design Systematic review.

Methods A systematic search using the PECO framework was conducted in PubMed, Scopus, and Web of Science,
adhering to PRISMA guidelines. Data from surface and air sampling studies were collected and analyzed.

Results Ten studies met the inclusion criteria, assessing various antineoplastic drugs across different occupational
settings. Surface contamination levels varied widely, with concentrations ranging from very low to high, whereas
airborne monitoring consistently reported "Not Detectable" levels. Exposure levels were influenced by workplace
practices, handling procedures, and the sensitivity of detection methods.

Conclusions This systematic review of ten studies on dermal and inhalation exposure to antineoplastic drugs in vari-
ous occupational settings reveals significant variability in contamination levels. Tailored safety measures, includ-

ing stringent protocols, decontamination procedures, and respiratory protection, are essential for workplace safety.
The review highlights the importance of standardized safety protocols, considering the impact of workplace practices
and detection method sensitivity. Additionally, it underscores the health risks associated with even low-level expo-
sure, emphasizing the need for biological monitoring. Despite some limitations, this study offers valuable insights

for enhancing the safety of staffs handling these potent drugs, guiding future research and policy development.

Keywords Antineoplastic drugs, Occupational health, Dermal exposure, Inhalation exposure, Systematic review

Impact statement
This systematic review highlights the significant variabil-
ity in cutaneous and inhalation exposures to antineoplas-

*Correspondence:

Seyed Jamaleddin Shahtaheri tic medications among workers in various occupational
shahtaheri@tums.ac.r settings, addressing a critical gap in occupational health.
! Department of Occupational Health, School of Public Health, Tehran . . ..
University of Medical Sciences, Tehran, Iran Our findings underscore the necessity of specialized
2 Research Center for Environmental Determinants of Health, safety measures, including strict protocols and appropri-
School of Public Health, Kermanshah University of Medical Sciences, ate dermal and respiratory protection, bY demonstrat-

Kermanshah, Iran . . . . .
ing contamination levels across different environments.
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This study offers essential insights for safeguarding
healthcare workers, informing future regulations, and
emphasizing the need for standardized safety protocols.
The global impact of our research is evident in its poten-
tial to shape occupational health practices and create
safer working conditions for those handling hazardous
pharmaceuticals.

Introduction

Occupational exposure to antineoplastic drugs has
become a major concern due to its potential negative
impacts on the health and well-being of workers in vari-
ous occupational settings. Antineoplastic drugs, widely
used in chemotherapy, possess potent cytotoxic prop-
erties that effectively target and eliminate cancer cells.
However, these same properties pose inherent risks
to individuals involved in the production, administra-
tion, and disposal of these medications [1, 2]. Dermal
and inhalation exposures are recognized as the primary
routes through which workers may come into contact
with these hazardous substances [3-5].

Dermal exposure occurs when antineoplastic drugs
come into direct contact with the skin through spills,
splashes, or contact with contaminated surfaces [6, 7].
This pathway is particularly concerning because these
drugs can penetrate the skin barrier, enter the blood-
stream, and potentially cause systemic absorption and
subsequent health effects [8, 9]. Inhalation exposure, on
the other hand, involves the inhalation of airborne par-
ticles generated during various processes, such as drug
preparation, administration, and cleanup, resulting in
suspended particles or aerosols [7, 10]. Inhaling these
particles may lead to their accumulation in the respira-
tory system, enabling direct absorption into the blood-
stream or causing localized respiratory effects [11].

Determining whether cutaneous exposure to antineo-
plastic drugs in the workplace exceeds inhalation expo-
sure is critical. Although several studies have examined
occupational exposure to these drugs, there is currently
no comprehensive review comparing the relative levels of
dermal and inhalation exposures. Understanding the pri-
mary routes of exposure is essential for effectively imple-
menting preventive measures. Developing appropriate
control strategies is crucial to safeguarding the health and
well-being of professionals who handle these potentially
harmful substances in various occupational settings.

The primary objective of this systematic review is
to address this knowledge gap by consolidating recent
research on the exposure of workers in diverse occupa-
tional settings to antineoplastic drugs via dermal and
respiratory pathways. This study aims to determine
the relative significance of dermal exposure compared
to inhalation exposure through a thorough analysis of
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existing literature. Additionally, the research seeks to
explore factors influencing variations in exposure lev-
els, including job functions, working conditions, and the
effectiveness of preventive measures.

Materials and methods

Study design

This systematic review addresses the research question:
"Does dermal exposure to antineoplastic drugs among
workers in the workplace exceed inhalation exposure?".

Search strategy

The search strategy for this systematic review adhered to
the Cochrane Collaboration’s guidelines [12]. The study’s
aim was formulated using the PECO framework, encom-
passing Participants, Exposure, Comparison, and Out-
come. Both the search and reporting processes followed
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [13] to ensure
methodological rigor and transparency. The study’s
objective, framed within the PECO framework, specified
the following:

o Participants: Workers (including pharmacists,
nurses, physicians, operating room personnel, hos-
pital staff such as transport and receiving person-
nel, janitors, laundry workers, and waste handlers)
who handle or administer antineoplastic drugs in the
workplace.

+ Exposure: Dermal exposure to antineoplastic drugs.

+ Comparison: Inhalation exposure to antineoplastic
drugs.

« Outcome: The relative level of dermal exposure com-
pared to inhalation exposure to antineoplastic drugs
in the workplace.

Scopus, PubMed, and Web of Science databases were
searched for English-language research articles published
between 1977 and 2023. The following search strategies
were employed:

« PUBMED: ("Antineoplastic Agents"'[Mesh]) OR
(Antineoplastic Drug|Title/Abstract]) OR (Chemo-
therapy Agent[Title/Abstract]) OR (Chemotherapy
Drug[Title/Abstract]) OR (Cytotoxic drug[Title/
Abstract]) OR (Antiblastic drug[Title/Abstract]))
OR (Hazardous drug|[Title/Abstract]) AND ("Occu-
pational Exposure"[Mesh]) OR (Occupational Expo-
sure[Title/Abstract])) OR ("Inhalation Exposure
"[Mesh]) OR (Inhalation Exposure[Title/Abstract]))
OR (dermal exposure)) OR (skin exposure[Title/ Abst-
ract]) AND ("Workplace"'[Mesh]) OR (Workplace
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[Title/Abstract]) OR (occupation*[Title/Abstract])
OR (Worksite[Title/ Abstract])

+ SCOPUS: ( TITLE-ABS-KEY ( "Antineoplastic
Agent") OR TITLE-ABS-KEY ( "Antineoplastic
Drug") OR TITLE-ABS-KEY ( "Chemotherapy
Agent") OR TITLE-ABS-KEY ( "Chemotherapy
Drug") OR TITLE-ABS-KEY ( "Cytotoxic drug") OR
TITLE-ABS-KEY ( "Antiblastic drug”) OR TITLE-
ABS-KEY ( "Hazardous drug"”) AND ( TITLE-ABS-
KEY ( "Occupational Exposure”) OR TITLE-ABS-
KEY ( "Inhalation Exposure”) OR TITLE-ABS-KEY
( "dermal exposure”) OR TITLE-ABS-KEY ( "skin
exposure"’)) AND ( TITLE-ABS-KEY ( workplace)
OR TITLE-ABS-KEY ( occupation*) OR TITLE-
ABS-KEY ( worksite)

+ Web of Science: (TS=("Antineoplastic Agent" OR
"Antineoplastic Drug" OR "Chemotherapy Agent"
OR "Chemotherapy Drug" OR "Cytotoxic drug"
OR "Antiblastic drug" OR "Hazardous drug") AND
(TS=("Occupational Exposure" OR "Inhalation
Exposure” OR "dermal exposure” OR "skin exposure")
AND (TS=(workplace OR occupation* OR work-
site))

Selection of studies

EndNote 20 (Thomson Reuters, Toronto, Canada) was
used to collect and manage the studies from the three
databases. Duplicates were identified and removed using
EndNote 20’s automated functions, with manual confir-
mation to ensure the retention of only one record per
article. The titles, abstracts, and full texts of the articles
were then screened in sequence.

Inclusion and exclusion criteria
Inclusion Criteria:

+ Observational studies (e.g., cross-sectional, cohort)
assessing workers’ dermal and inhalation exposure to
antineoplastic drugs in the workplace.

+ Studies published in English.

» Studies reporting quantitative data on both dermal
and inhalation exposure to antineoplastic drugs.

Exclusion Criteria:

+ Studies not conducted in a workplace setting (e.g.,
simulations, controlled experiments).

» Studies that examined only dermal or inhalation
exposure, not both.

+ Studies reporting occupational contact with non-
antineoplastic chemical substances.

« Studies not available in English.
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+ Studies lacking sufficient information about the pop-
ulation or exposure characteristics.

« Studies using animal models or laboratory methods
instead of human subjects.

« Studies focusing on interventions to reduce exposure
levels rather than examining dermal and inhalation
exposure.

« Case reports, letters, editorials, and reviews without
original data.

+ Articles for which full-text access was not available.

Data extraction

After identifying eligible articles, a data extraction form
was developed to collect relevant information. This data
included the first author, publication year, drugs studied,
sampling location, type of chemotherapy, sampled sur-
faces, surface sample concentration (ng/cm?2), air sam-
pling methods, and air sample concentration (ng/m3).
Two researchers independently extracted the data using
Excel 2013 (Microsoft Office).

Critical appraisal of studies

The methodological quality of the included studies was
assessed using the Joanna Briggs Institute (JBI) Critical
Appraisal Tools [14]. Given the cross-sectional design of
the studies, the JBI Critical Appraisal Checklist for Ana-
lytical Cross-Sectional Studies was employed [15]. This
tool evaluates key aspects of study quality, including the
clarity of inclusion criteria, the validity and reliability of
exposure measurements, the identification and handling
of confounding factors, the appropriateness of statisti-
cal analyses, and ethical considerations. Each study was
independently appraised by two reviewers, with discrep-
ancies resolved through discussion. The results of the
critical appraisal informed the overall interpretation of
the review’s findings, with particular attention given to
studies with identified limitations.

Results

Study selection

A search of the EMBASE database via Scopus, MEDLINE
via PubMed, and Web of Science in 2023 yielded a total of
2,768 research papers (555 from MEDLINE, 1,443 from
EMBASE, and 770 from Web of Science). An additional
12 references were identified through manual searches
on Google Scholar and by examining the reference lists of
the included studies and relevant reviews. After remov-
ing duplicates, 1,965 articles remained for preliminary
screening based on their titles and abstracts. Of these, 44
articles met the criteria for a full-text review. After the
full-text review, 34 articles were excluded for not meet-
ing the inclusion criteria. Consequently, this systematic
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review includes only 10 studies [16—25]. The study selec-
tion process is depicted in Fig. 1.

Study characteristics

Ten studies [16-25] were included in this systematic
review, focusing on the comparative analysis of dermal
and inhalation exposure to various antineoplastic drugs
among workers in different workplace settings. Table 1
summarizes the key characteristics of these studies,
which were conducted over a range of years and geo-
graphic locations.

This review covers a broad spectrum of antineoplastic
drugs across the included studies, reflecting the variety
of substances assessed for occupational exposure risks.
The drugs investigated include Doxorubicin [16, 17], Cis-
platin [18], Oxaliplatin [18, 19], Cyclophosphamide [20,
21], 5-Fluorouracil [22-25], Ifosfamide [25], and Metho-
trexate [25]. Some studies focused on individual drugs
[16, 19-24], such as Doxorubicin and Oxaliplatin, while
others examined combinations [17, 18, 25], offering a
comprehensive view of the diverse antineoplastic drugs
studied within workplace settings. This analysis provides
valuable insights into the complexities of drug exposure
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and helps assess the potential health risks associated with
their use in occupational environments.

The systematic review encompasses a diverse array
of sampling locations, illustrating the varied settings in
which antineoplastic drug exposure is assessed. These
locations include veterinary operating rooms [19], con-
ventional operating rooms [20-22, 24], hospital pharma-
cies with robotic systems [23, 25], and outpatient clinic
spaces [25]. Additional settings include pharmacy intra-
venous admixture services [26] and pharmaceutical man-
ufacturing plants [26]. The studies also examined clinical
pharmacy areas [27], specifically the preparation and
oncology sections, providing a comprehensive overview
of the environments where antineoplastic drug exposure
is a critical concern. These diverse sampling locations
contribute to understanding the potential risks to work-
ers in various workplace environments and offer insights
into the complexities of exposure assessment.

The studies reviewed demonstrated differences in the
methodologies used for administering chemotherapy in
various workplace settings. In operating rooms, chemo-
therapy was typically administered using methods such
as ePIPAC, PIPAC, and RIPAC [16, 18], designed to
ensure precise drug delivery and therapeutic efficacy. In

-/

Fig. 1 Flow diagram of the screening process and study selection
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contrast, research in pharmaceutical settings explored a
broader range of administration methods. Some studies
investigated traditional methods [22, 23, 25], while others
focused on advanced robotic systems [20]. The diversity
of chemotherapy methodologies underscores the need
for a thorough assessment of drug exposure risks and a
deep understanding of the unique challenges and safety
measures associated with each approach.

Surface contamination

This systematic review included a detailed examination
of surface sampling to evaluate dermal exposure to anti-
neoplastic drugs across various occupational settings.
The studies analyzed a wide range of surfaces in health-
care facilities, from those near PIPAC and RIPAC devices
to surgical tables in operating rooms [16]. Researchers
examined floors, injector components, protective equip-
ment, and biological safety cabinets [17, 23]. Some stud-
ies focused on cleanroom interiors, including vials, bags,
and gloves [18], while others extended to exterior areas
[20]. Notably, some studies did not explicitly mention the
surfaces analyzed, indicated by a "-" symbol [21, 22, 24].
The broad range of surfaces investigated highlights the
challenges in assessing antineoplastic drug exposure in
different work settings.

Quantification of surface sample concentrations across
these studies revealed significant variability in anti-
neoplastic drug exposure. For example, Jung et al. [16]
reported Doxorubicin contamination ranging from less
than 0.16 ng/cm2 to a notable high of 181.07 ng/cm2,
while Roussin et al. [17] found significantly lower levels,
frequently below 0.00029 ng/cm?2. In contrast, Cisplatin
concentrations in Roussin et al’s study [17] reached up
to 959 ng/cm2. Other studies on Cisplatin and Oxali-
platin reported concentrations ranging from 0.00001
to 1.733 ng/cm2 [18]. Another study found Oxaliplatin
concentrations ranging from "ND" (Not Detectable) to
6.613 ng/cm2 [19]. Cyclophosphamide concentrations
varied from "ND" to 0.33 ng/cm2 depending on the
workplace setting [20, 21]. One study on 5-Fluorouracil
reported surface concentrations as low as 0.0000075 ng/
cm?2, while another study in a hospital pharmacy with a
robotic system revealed a broader range from 0.11 ng/
cm?2 to 99.89 ng/cm2 [23]. Further research on Cyclo-
phosphamide, Ifosfamide, Methotrexate, and Fluoro-
uracil reported a wide range of results, with some drugs
registering as "ND" for surface sample concentrations
and others, like Fluorouracil, reporting concentrations
up to 630 ng/cm2 [24, 25]. These findings emphasize the
complex and variable nature of antineoplastic drug con-
tamination on workplace surfaces, highlighting the need
for a thorough systematic review to understand these
exposures fully.
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Airborne contamination

This systematic review also examined air sampling meth-
ods across the selected studies, providing an overview of
the diverse strategies employed to assess antineoplastic
drug exposure in occupational settings. Environmental
sampling was conducted in various locations, such as
around surgical tables, near surgical teams, entryways,
and hallways [16]. Continuous environmental sampling
within a specific range from the surgical table was used
to assess PIPAC and RIPAC exposure, providing insights
into drug exposure during critical procedures such as
drug preparation, syringe injection, and waste manage-
ment [17-19].

Some studies [20, 21] combined environmental and
personal sampling techniques to gain a more comprehen-
sive understanding of exposure dynamics. These meth-
ods were applied in settings including pharmacies during
antineoplastic drug preparation and operating rooms
before, during, and after surgeries, as well as during
cleaning and equipment sterilization processes. While
some studies focused solely on general environmental
sampling [22, 23, 25], others had a broader scope, exam-
ining exposure in multiple settings and areas [16, 17, 19—
21]. The variety of air sampling methods underscores the
complexities of assessing antineoplastic drug exposure
in occupational settings, emphasizing the multifaceted
nature of these investigations. This methodological diver-
sity captures the complexities of drug exposure dynam-
ics, contributing to a more complete understanding of
the potential risks faced by workers.

The analysis of air sample concentrations in the
reviewed studies revealed a wide range of values, reflect-
ing variations in the presence of antineoplastic drugs
in workplace air. Most studies [16, 17, 20, 21, 23, 25]
reported "ND" (Not Detectable) concentrations, indi-
cating the absence of detectable drugs in the sampled
air. However, some studies found low concentrations of
drugs, such as less than 0.0031 ng/m3 [18] and 0.18—
0.5 ng/m3 [19], indicating measurable but limited drug
presence. In one study [24] conducted in a pharmaceu-
tical manufacturing plant, air sample concentrations
reached up to 75,000 ng/m3, suggesting a significant risk
of exposure for workers. These variations highlight the
diverse nature of air sample concentrations and under-
score the importance of assessing and understanding
the presence of antineoplastic drugs in workplace air,
particularly regarding potential health risks for exposed
individuals.

Quality assessment of included studies

The methodological quality of the ten included studies
was appraised using the JBI Critical Appraisal Check-
list for Analytical Cross-Sectional Studies. The appraisal
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revealed that 4 studies were of high quality [17-20], 3
were moderate to high [16, 21, 23], and 3 were moder-
ate [22, 24, 25]. Most studies demonstrated robust meth-
odologies for measuring occupational exposures and
employed valid statistical analyses. However, several
studies [16-18, 20, 23-25] exhibited limitations, par-
ticularly in their handling of confounding. Notably, older
studies like those by Sessink et al. (1994) [24] and Sessink
et al. (1992) [25] had less rigorous reporting standards,
especially regarding ethical approvals and the sensitivity
of exposure detection methods. These limitations suggest
a need for caution when interpreting the results of these
older studies. Table 2 provides a summary of the quality
assessment for each study.

Discussion

Summary of key findings

This systematic review synthesized evidence from ten
studies [16—25] focusing on dermal and inhalation expo-
sure to antineoplastic drugs among workers. The central
research question was whether dermal exposure out-
weighed inhalation exposure, providing insights into the
occupational hazards faced by workers in various set-
tings. The key findings of this systematic review are sum-
marized as follows:

+ Out of the initial 2,768 research papers identified

across three major databases and additional sources,
only ten studies [16—25] met the inclusion criteria.

Table 2 Summary of quality assessment for included studies
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This highlights a significant need for more in-depth
research in this area.

The studies covered a wide range of antineoplastic
drugs, including Doxorubicin [16, 17], Cisplatin [18],
Oxaliplatin [18, 19], Cyclophosphamide [20, 21, 25],
5-Fluorouracil [22-25], Ifosfamide [25], and Metho-
trexate [25]. This variety is essential for understand-
ing the complexities of drug exposure across different
drugs and workplace settings.

The sampling locations varied widely, covering occu-
pational environments such as veterinary operating
rooms [16], conventional operating rooms [17-19,
21], hospital pharmacies with conventional [23, 24]
and robotic systems [20], outpatient clinics [22], and
pharmaceutical manufacturing plants [25]. The inclu-
sion of a pharmaceutical manufacturing plant [25] is
particularly significant, as it represents a markedly
different occupational setting compared to healthcare
environments. This study reported exceptionally high
levels of airborne antineoplastic drug contamination,
underscoring the unique exposure risks faced by fac-
tory workers. These findings raise concerns about the
adequacy of current safety protocols in manufactur-
ing settings and suggest a need for updated practices
to ensure better protection for workers.

+ Variations in chemotherapy administration meth-

ods were observed in both operating rooms [16-19,
21] and pharmaceutical settings [20, 22-25]. This
emphasizes the importance of assessing drug expo-

Key Limitations

Valid exposure measurements, clear inclusion
Robust methodological approach, reliable
Valid and reliable measurements, appropriate

Detailed setting description, valid outcome

Study Quality Assessment Key Strengths
Jung et al. (2023) [16] Moderate to High

criteria
Roussin et al. (2021) [17] High

measurements
Ametsbichler et al. (2018) [18]  High

statistical analysis
Villa, A. F, et al. (2015) [19] High

measurements
Sessink et al. (2015) [20] High

Kushnir et al. (2013) [21]

Moderate to High

Strong methodology, effective use of robotic
systems to reduce exposure

Adequate measurement methods, clear set-
ting description

Gornd etal. (2011) [22] Moderate Clear focus on surface contamination, valid
measurement techniques

Huang et al. (2010) [23] Moderate to High Detailed surface contamination analysis,
robust statistical significance

Sessink et al. (1994) [24] Moderate Important historical context, significant find-
ings on airborne contamination

Sessink et al. (1992) [25] Moderate

Valid methods for the time, comprehensive
exposure assessment

Lack of detailed discussion on confounding
factors

Limited discussion on confounding factors
Minimal elaboration on confounding factors
Lack of sophisticated statistical analysis

Limited strategies to mitigate confounding
factors

Lack of advanced statistical analysis

Limited statistical analysis, lack of confounder
discussion

Lack of ethical considerations, minimal con-
founding factor discussion

Older methods, lack of discussion on con-
founders and ethical considerations

Lack of confounding factor analysis, outdated
methods
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sure risks and understanding the unique challenges
and safety measures associated with each approach.

+ Surface sampling revealed significant variability in
antineoplastic drug exposure. For example, Jung et al.
(2023) [16] found Doxorubicin surface contamina-
tion ranging from less than 0.16 ng/cm? to 181.07 ng/
cm?, while Roussin et al. (2021) [17] reported Cispl-
atin concentrations up to 959 ng/cm? These findings
underscore the necessity for targeted safety meas-
ures depending on the specific drugs and settings
involved.

+ The variety of air sampling methods reflected the
complexities of assessing antineoplastic drug expo-
sure, as demonstrated by the studies in this review.
For instance, while Roussin et al. (2021) [17], and
Kushnir et al. (2013) [21] reported "Not Detectable"
(ND) levels using environmental sampling around
surgical tables and during procedures, Sessink et al.
(1994) [24] employed stationary and personal breath-
ing zone sampling in a pharmaceutical manufactur-
ing plant, where they detected exceptionally high
concentrations of 5-fluorouracil (up to 75,000 ng/
m?). This variation underscores the challenges in
accurately capturing exposure levels and highlights
the importance of tailored sampling strategies to
effectively assess and mitigate occupational exposure
risks.

Dermal vs. inhalation exposure

The findings provide valuable insights into the compara-
tive analysis of dermal and inhalation exposure to anti-
neoplastic drugs. Both routes of exposure are significant,
but their extent and implications vary. Dermal exposure
occurs across different surfaces and sampling locations,
with varying contamination levels, emphasizing the need
for specific protective measures depending on the drug
and workplace.

Inhalation exposure, as indicated by air sampling, pre-
sents a broad spectrum of outcomes. For instance, stud-
ies by Roussin et al. (2021) [17] and Kushnir et al. (2013)
[21] reported 'ND’ (Not Detectable) levels of airborne
antineoplastic drugs, suggesting minimal inhalation
risk in those specific environments. However, the study
by Sessink et al. (1994) [24] starkly contrasts these find-
ings, revealing significantly hazardous concentrations of
5-fluorouracil, reaching up to 75,000 ng/m3, in a phar-
maceutical manufacturing plant. This highlights the
variability and potential severity of inhalation exposure
depending on the environment.

Interestingly, while surface sampling across various
studies often revealed diverse levels of contamination,
such as the 181.07 ng/cm2 of doxorubicin reported by
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Jung et al. (2023) [16], airborne concentrations in many
reviewed studies, including those by Roussin et al. (2021)
[17] and Kushnir et al. (2013) [21], frequently remained
undetectable. This disparity emphasizes the distinct
risks associated with different routes of exposure. Par-
ticularly in manufacturing environments, as evidenced
by Sessink et al. (1994) [24], airborne contamination can
reach alarmingly high levels, posing a significant risk to
workers.

The exceptionally high airborne concentrations
reported by Sessink et al. (1994) [24] in a pharmaceuti-
cal manufacturing plant underscore the critical need to
address occupational exposure risks beyond healthcare
settings. These findings are especially concerning given
the likely less stringent safety practices of the time, point-
ing to an urgent need for contemporary studies and
updated safety protocols in such environments. The 1994
study serves as a reminder of the importance of under-
standing the dynamics of antineoplastic drug exposure,
particularly in settings where airborne contamination can
pose serious risks to workers. The wide variability in air
sample concentrations across different studies reinforces
the need for comprehensive and tailored safety measures
to mitigate these risks effectively.

These findings have important implications for work-
place safety and health risk assessments. They emphasize
the need for accurately determining the primary route
of exposure for each antineoplastic drug, as different
drugs exhibit varying behaviors in terms of volatilization
and surface contamination. A tailored risk assessment
approach focusing on the predominant exposure pathway
for each specific drug is required.

Furthermore, safety measures must be tailored to the
predominant route of exposure. Personal protective
equipment (PPE), safe handling procedures, and compre-
hensive surface decontamination should be prioritized
where dermal exposure is common [27, 28]. In contrast,
environments with inhalation risks require local exhaust
ventilation, continuous air monitoring, and the use of
respiratory protection [27, 29].

Factors influencing exposure

Several factors influence workplace exposure to anti-
neoplastic drugs [30, 31]. One of the most notable
findings from our review is the significant variation
in exposure levels across different workplace settings.
This variability is evident in both dermal and inhala-
tion exposure routes, depending on the specific drug
involved. For instance, in terms of dermal exposure,
Jung et al. (2023) [16] reported Doxorubicin sur-
face concentrations ranging from less than 0.16 ng/
cm2 to as high as 181.07 ng/cm2, while Roussin et al.
(2021) [17] found Cisplatin concentrations consistently
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reaching up to 959 ng/cm?2. Additionally, Willaert et al.
[32] detected no traces of antineoplastic drugs in air
samples collected from the breathing zones of surgeons
and anesthesiologists following ePIPAC procedures. In
stark contrast, Sessink et al. [24] reported extremely
high levels of 5-fluorouracil (75,000 ng/m3) in air sam-
ples taken from a pharmaceutical factory. The signifi-
cant differences in exposure levels observed across the
included studies underscore the complexity of this issue
and the need for further investigation to understand
the factors contributing to such variability.

Several factors may contribute to the observed varia-
tions in exposure levels, including but not limited to the
following:

Workplace practices

The selection of containment systems, safety procedures,
cleaning methods, and personal protective equipment
(PPE) can vary across settings, influencing the likelihood
of drug contamination. For example, in a study conducted
by Ametsbichler et al. [18], the presence of cisplatin and
oxaliplatin contamination was investigated in two health-
care facilities. When comparing these two hospitals, it
was found that all calculated percentiles (including the
minimum, 25th, 50th, 75th, and maximum) for Pt con-
centrations were significantly higher in Hospital A than
in Hospital B. These differences were statistically signifi-
cant (p=0.008). One possible explanation for this differ-
ence is that, in Hospital B, the micropump was removed
"en bloc" with the trocars at the end of the PIPAC proce-
dure, whereas in Hospital A, it was removed before the
trocars. This could explain why Hospital A had higher
contamination levels on the head ends of the trocars.

The cleaning method is another protocol that can influ-
ence environmental contamination levels. Roussin et al.
[17] found residual cisplatin and doxorubicin contami-
nation with maximum concentrations of 9.5 ng/cm2 and
0.27 pg/cm2, respectively, even after cleaning the floor
according to a standardized protocol. Cross-contamina-
tion occurred between the two PIPACs due to inefficient
cleaning. The efficacy of chemical decontamination of
chemotherapy work surfaces is determined by the clean-
ing solution used and the cleaning protocol followed.
According to the literature, detergent disinfectants based
on quaternary ammonium or surfactants are effective in
reducing antineoplastic drug contamination on floors
[33, 34]. While the detergent disinfectant product used in
this study appears appropriate, the cleaning procedures
should be revised to include multiple single-use mops for
floor cleaning, as saturation of each mop with antineo-
plastic drugs can cause contamination of other areas and
create a cumulative effect.
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Drug handling procedures

Differences in exposure can arise from variations in how
healthcare professionals handle and administer antineo-
plastic drugs. Contamination levels may be influenced by
factors such as the method of administration, frequency
of drug preparation, and adherence to safety guidelines
[35, 36]. For instance, technical or human errors can
occur during the use of ePIPAC equipment or trocars,
including issues such as disconnecting high-pressure
lines, primary leakage, spillage during ventilation, and
errors during the connection, disconnection, or removal
of the syringe. The amount of drug used is another fac-
tor that can influence contamination levels. In the study
by Roussin et al. (2021) [17], higher levels of surface con-
tamination with cisplatin were observed, likely due to the
use of five times more cisplatin.

Pharmaceutical formulations

This refers to the drug’s form of administration, such
as powder, liquid, capsule, or prefilled syringe. The for-
mulation of a drug, along with its physical and chemical
properties, is a crucial factor in determining the precau-
tions needed to prevent exposure. For example, powders
require different risk management strategies compared
to prefilled syringes [1, 37]. Despite the recognized sig-
nificance of these differences, none of the included
studies specifically addressed the impact of various phar-
maceutical formulations of antineoplastic drugs on sur-
face contamination.

Drug characteristics

The physicochemical properties of specific drugs can
influence their tendency for contamination and aero-
solization. Factors such as solubility, volatility, and the
presence of active pharmaceutical ingredients can sig-
nificantly impact exposure levels [37]. For example, at
25 °C, 5-Fluorouracil has a vapor pressure of approxi-
mately 2.7x107® mmHg [38], whereas Oxaliplatin has a
vapor pressure of approximately 6.78 X 10"1° mmHg [19].
These figures indicate that Oxaliplatin has a significantly
lower vapor pressure than 5-Fluorouracil. Consequently,
5-Fluorouracil is more prone to evaporation than Oxali-
platin, which could explain the higher level of airborne
contamination observed with 5-Fluorouracil.

Equipment and infrastructure

Differences in equipment and infrastructure may also
contribute to exposure disparities. For example, the max-
imum drug concentration on surfaces in pharmacies with
robotic systems has been reported as 0.33 ng/cm2 [20],
while in conventional pharmacies, this value has been
reported as high as 99.89 ng/cm2 [23]. Furthermore,
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the Pressurized Intraperitoneal Aerosol Chemotherapy
(PIPAC) concept is a relatively new therapeutic approach,
which may lead to hazardous exposure situations during
various procedural steps [18]. Studies by Jung et al. [16],
Roussin et al. [17], and Ametsbichler et al. [18] identified
technical or human errors involving PIPAC equipment
or trocars, such as disconnection of the micropump or
high-pressure lines, primary leakage, spillage during ven-
tilation, connection or disconnection of the syringe, and
operative complications requiring medical or technical
intervention. These issues can result in significant surface
contamination.

Hyperthermic Intraperitoneal Chemotherapy (HIPEC)
is another new treatment approach used to treat perito-
neal carcinomatosis. During the initial surgical phase,
electrocautery generates a large amount of smoke con-
taining steam, particulate matter, organic and inorganic
substances, and microorganisms. Villa et al. [19] used
the open-abdomen technique in their study, raising con-
cerns about anticancer drug exposure among healthcare
workers during open-abdomen HIPEC surgery, especially
since most operating room personnel have limited expe-
rience with these drugs. Before administration, antineo-
plastic drugs are heated to facilitate vaporization. The
open-abdomen technique requires manual control of the
chemotherapy solution distribution within the abdomen,
which increases the risks of splashes and direct contami-
nation of the surgeon.

In the study, no significant oxaliplatin contamina-
tion was found in the atmosphere during the HIPEC
procedure. However, heavy oxaliplatin contamination
was observed on the operating table and floor near the
surgeon’s feet. These contaminations were most likely
caused by spills and splashes during the surgeon’s manual
supervision of intra-abdominal oxaliplatin perfusion. As
a result, the surgeon’s overshoes (or shoes if overshoes
were not used) became contaminated. Slight contami-
nation of the shoes underneath the overshoes was also
detected in surgeons wearing overshoes, and residual
contamination on the floor at the surgeon’s feet was
observed before HIPEC, indicating that standard clean-
ing procedures may not be entirely effective.

Sampling locations

The choice of sampling locations can significantly impact
the observed exposure levels. Various studies have
focused on specific areas within the workplace, high-
lighting variations across surfaces and environments. For
example, Jung et al. [16] investigated air and surface con-
tamination resulting from PIPAC and RIPAC procedures
performed on a pig model. The results showed that doxo-
rubicin surface contamination was detected in 5 out of 51
surface samples collected by wiping. These contaminated
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samples were primarily obtained from devices that had
been directly exposed to aerosols within the abdominal
cavity. Following PIPAC and RIPAC procedures, specific
equipment, such as the telescope, trocar, and syringe line
connector, exhibited contamination. Because the tel-
escope and trocar were introduced into the abdominal
cavity, they presented a higher risk of surface contami-
nation due to antineoplastic drug aerosolization. Addi-
tionally, a drug leak caused by droplet spillage from an
incomplete connection of the doxorubicin-containing
syringe to the spray nozzle resulted in a contamination
level of 181.07 ng/cm?2.

Sensitivity of detection methods

Variability in detection methods, sensitivity, and thresh-
olds may lead to discrepancies in reported drug concen-
trations. Less sensitive analytical techniques may fail to
detect lower levels of contamination that more sensi-
tive methods can identify [39]. Various methods were
employed in the included studies to detect and quantify
specific drugs and their related substances. For example,
Jung et al. [16] used ultra-high performance liquid chro-
matography-tandem mass spectrometry to detect Doxo-
rubicin in air and on surfaces, with limits of detection
(LODs) of 14.4 ng/m3 for air samples and 0.16 ng/cm2
for surface samples. Roussin et al. [17] used inductively
coupled plasma-mass spectrometry to detect Cisplatin
and liquid chromatography-tandem mass spectrometry
to detect Doxorubicin, with LODs of 10 ng/wipe and
5 ng/filter for Cisplatin and 5 pg/wipe for Doxorubicin.
Ametsbichler et al. [18] employed inverse voltammetry to
measure total platinum (Pt) concentrations, with LODs
of 0.02 ng/wipe sample and 6 pg/air sample. Villa et al.
[19] measured Pt concentrations using inductively cou-
pled plasma mass spectrometry, with LODs of 0.03 ng/
filter and 0.2 to 0.5 ng/m3 for air concentrations and
0.25 ng/wipe or 0.27 pg/cm?2 for surface concentrations.
These differences in sensitivity may explain why pollut-
ants are not detected in some areas.

Sampling frequency and duration

The frequency and duration of environmental sampling
can significantly impact contamination detection. Short-
term increases in exposure may be captured by more
frequent or prolonged sampling periods [40]. Among
the studies reviewed, the largest sampled air volume
was 1.95 cubic meters in the study by Ametsbichler et al.
[18], which detected 0.0031 ng/m3 of platinum. Gorna
et al. (2011) [22] collected 0.33—0.84 L of air, which con-
tained 4.3 ng/m3 of 5-fluorouracil. In contrast, Jung et al.
[16] sampled 1 cubic meter of air but found no airborne
pollutants.
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Health implications

The variability in contamination levels in both surface
and air sampling, such as the high levels of 5-fluoroura-
cil found by Sessink et al. (1994) [24] compared to the
'ND’ levels reported in other studies, underscores the
potential health risks that workers face, depending on the
specific environment and the antineoplastic drugs they
are exposed to. For example, Sessink et al. (1994) [24]
reported an exceptionally high 5-fluorouracil concentra-
tion of up to 75,000 ng/m3 in the air at a pharmaceutical
manufacturing plant, indicating a significant inhalation
risk. Conversely, studies like Roussin et al. (2021) [17]
found 'ND’ levels in air samples despite high surface con-
tamination, suggesting that while some exposures may be
minor, others—especially in high-concentration scenar-
ios—can pose serious health risks. The potential health
consequences include both acute and chronic effects,
with even low levels of these hazardous drugs posing
risks over time [41, 42].

Biological monitoring of occupational exposure is a
critical tool for assessing and managing antineoplastic
drug-related chemical risks [43]. It is the most effective
method for assessing internal contamination because
it considers all exposure pathways (respiratory, dermal,
oral), the use of personal protective equipment (PPE) or
lack thereof, the effectiveness of PPE, personal hygiene
practices, work practices, and the amount of antineoplas-
tic drugs handled at the individual level. In the included
studies, there was no evidence of internal contamination
after working with antineoplastic drugs [44]. The findings
demonstrated the effectiveness of the individual and col-
lective protective measures used in these studies [17, 19,
20, 45].

Implications for occupational safety

The findings of this systematic review have significant
implications for occupational safety in environments
where antineoplastic drugs are handled. By understand-
ing the complexities of both dermal and inhalation expo-
sures, as well as the variability in contamination levels
observed across different settings, this review highlights
the need for evidence-based guidelines and targeted
exposure-reduction strategies. Notably, the study con-
ducted in a pharmaceutical manufacturing plant [27]
reveals a critical gap in our current understanding of
exposure risks outside of healthcare settings. The high
levels of contamination reported in this study underscore
the urgent need to develop specific safety guidelines
tailored to industrial environments where antineoplas-
tic drugs are manufactured. These findings stress the
importance of expanding occupational health research to
include factory settings, which present unique challenges
and risks compared to those in healthcare environments.
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To effectively safeguard workers, occupational safety
measures must be tailored to account for the specific
drugs involved, the conditions of the workplace, and
the appropriate protective measures required for each
unique setting.

To address the implications of our findings, we must
consider the safeguards that facilities and professionals
in various occupational settings should implement. Con-
tamination of reusable devices and surfaces in occupa-
tional settings puts staff at risk. Injectors are frequently
stored in areas where staff may come into contact with
them without proper protection, as observed in the stud-
ies. Ametsbichler et al. [18] recommend using single-use
transparent films to shield PIPAC injectors as a protective
measure. Remarkably, our review uncovered an interest-
ing trend where contamination on injector surfaces was
higher before PIPAC procedures compared to afterward.
This phenomenon, also observed in other contexts such
as HIPEC procedures, is likely due to insufficient clean-
ing following the previous procedure, inadvertently lead-
ing to contamination spreading to other surfaces. In
terms of the floor, there was clearly insufficient cleaning
and cross-contamination. In one case, despite cleaning
between two subsequent PIPACs, Ametsbichler et al.
[18] found high Pt residues of 172 pg/cm?2 (out of 480 pg/
cm?2 before cleaning) on the floor next to the operating
table and 104 pg/cm?2 on the nearby area under the injec-
tor. Effective protection strategies are critical in various
occupational settings where contaminated surfaces and
devices are a reality.

Overshoes are required for surgeons in practice; shoes
worn underneath overshoes must not be personal shoes,
but rather work shoes (disposable shoes or shoes that can
undergo a decontamination procedure). The efficacy and
acceptability of available floor protection devices should
be tested to ensure they do not limit the surgeons’ move-
ments or increase the risk of slipping. The level of con-
tamination on the floor indicates that cleaning staff are
also significantly exposed to anticancer drugs. As a result,
they should wear gloves and overshoes when cleaning
the operating room, and their actual exposure should be
assessed more precisely. The low level of external con-
tamination observed in studies [18] of oxaliplatin perfu-
sion bags is consistent with that previously reported in
hospital pharmacies preparing anticancer drugs and jus-
tifies the systematic use of gloves when handling these
items.

The included study [19] found that the outer gloves
were heavily contaminated, the second set of gloves was
slightly contaminated, and the surgeon’s hands were
uncontaminated. Based on our findings, surgeons should
be advised to use three sets of gloves when administer-
ing perioperative intraperitoneal chemotherapy via the
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open-abdomen procedure. Because surgical gloves do
not completely prevent anticancer drug penetration
during prolonged contact [46], it is also recommended
to change gloves every 30 min when working with anti-
neoplastic drugs, as well as after obvious contamination.
Surgeons who work with antineoplastic drugs should also
wear outer gloves that cover the elbow [47]. Due to the
possibility of cross-contamination, surgeons and nurses
should thoroughly wash their hands before leaving the
operating room. To prevent secondary contamina-
tion, protective barrier garments such as gloves, gowns,
pajamas, overshoes, and shoes that may have been con-
taminated with anticancer drugs should be placed in
dedicated containers within the operating room. Gloves,
overshoes, and surgical gowns should be discarded, while
pajamas and shoes can be decontaminated in a separate
container.

Finally, our systematic review, guided by numerous
studies, sheds light on the complex landscape of anti-
neoplastic drug exposure in occupational settings. This
understanding compels us to prioritize the safety of pro-
fessionals and workers in their critical roles while admin-
istering these life-saving drugs. Understanding the health
risks and implementing appropriate protective measures
are critical steps in ensuring the safety of those who work
with these hazardous substances.

Study quality and implications for findings

The critical appraisal of the included studies revealed a
generally moderate to high level of methodological qual-
ity, with notable variability among the studies. High-
quality studies, such as those by Jung et al. (2023) [16]
and Roussin et al. (2021) [17], employed comprehensive
methodologies and rigorous reporting standards. These
studies provided robust evidence of occupational expo-
sure risks, particularly through their detailed examina-
tion of exposure routes, meticulous data collection, and
advanced statistical analyses. These strengths contribute
to the reliability of their findings and reinforce the impor-
tance of stringent safety measures in workplaces where
antineoplastic drugs are handled.

In contrast, some of the older studies, such as those by
Sessink et al. (1994) [24] and Sessink et al. (1992) [25],
exhibited methodological limitations, particularly in
ethical considerations and the management of confound-
ing factors. During the period when these studies were
conducted, the focus on these aspects was less rigorous,
potentially influencing the study outcomes. For instance,
the lack of detailed confounder analysis and the absence
of clear ethical reporting may have introduced biases
that could affect the validity of their conclusions. There-
fore, while these studies provide valuable historical con-
text, their findings should be interpreted with caution,
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especially when compared to more recent research that
adheres to higher methodological standards.

The variability in study quality across the included
research underscores the need for continuous improve-
ment in this field. Future studies should prioritize the
thorough identification and control of confounding fac-
tors, as this is crucial for drawing accurate conclusions
about occupational exposure risks. Moreover, enhancing
the sensitivity and specificity of exposure measurement
techniques will improve the detection and quantification
of antineoplastic drugs in various occupational settings.
Adhering to strict ethical guidelines is also essential to
protect study participants and ensure the credibility of
the research.

Furthermore, the review highlights several areas where
methodological improvements are necessary. For exam-
ple, older studies often lacked comprehensive report-
ing on the sensitivity of their detection methods, which
could lead to underestimation of exposure levels. This
limitation points to the need for standardized protocols
that can be consistently applied across studies to facilitate
more accurate comparisons and meta-analyses.

The evidence from high-quality studies underscores
the importance of addressing the identified gaps in the
research. By focusing on methodological rigor and ethical
standards, future research can strengthen the evidence
base, leading to more definitive conclusions regarding
occupational exposure to antineoplastic drugs. This, in
turn, will support the development of evidence-based
guidelines and safety protocols that better protect work-
ers in healthcare and industrial settings.

Overall, this systematic review provides a compre-
hensive assessment of the current state of research on
occupational exposure to antineoplastic drugs, highlight-
ing both the strengths and weaknesses of the existing
literature. The findings underscore the critical need for
ongoing research that not only fills the gaps identified
in older studies but also builds on the strengths of more
recent investigations. By improving the methodological
rigor and addressing the limitations noted in this review,
future studies can contribute to a safer working environ-
ment for those who are regularly exposed to these haz-
ardous substances.

Limitations

While this systematic review provides valuable insights
into antineoplastic drug exposure in the workplace,
several limitations must be acknowledged. There is a
potential for publication bias, as studies with significant
findings are more likely to be published, which could
affect the comprehensiveness of the evidence. Addition-
ally, the diverse methodologies employed across the
included studies introduce methodological heterogeneity,
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making direct comparisons and broad conclusions chal-
lenging. Geographic and temporal variations further
complicate the findings, as differences in regulations and
safety measures across regions and timeframes may influ-
ence exposure levels. Moreover, population heterogene-
ity, with varying worker practices and safety protocols,
may contribute to inconsistencies in exposure levels.
Lastly, some studies lacked comprehensive data report-
ing, particularly regarding surface and air sample analy-
ses, which could impact the precision of the conclusions.
These limitations highlight the need for cautious inter-
pretation of the results and underscore the importance
of future research to address these gaps and strengthen
the evidence base for occupational health in the context
of antineoplastic drug exposure.

Recommendations for future research

The gaps identified in this systematic review highlight
several areas for future research. Notably, there is a
pressing need for more studies on the exposure of fac-
tory workers involved in the production of antineoplas-
tic drugs. Findings from Sessink et al. (1994) [24] suggest
that these workers may be exposed to significantly higher
levels of airborne contaminants, revealing both a gap in
our understanding and potential deficiencies in current
protective measures. To ensure comprehensive occupa-
tional safety across all environments where antineoplas-
tic drugs are handled, future research should prioritize
investigating and mitigating these risks. Additionally,
conducting more comprehensive and standardized stud-
ies across various occupational settings is crucial for
enhancing our understanding of antineoplastic drug
exposure. Future research should also focus on the long-
term health effects of such exposures and the develop-
ment of effective interventions to reduce them.

Conclusion

This systematic review provides a comprehensive exami-
nation of dermal and inhalation exposure to antineoplas-
tic drugs in various occupational settings. The review
highlights significant variability in contamination levels,
emphasizing the need for safety measures tailored to the
predominant exposure route for each drug.

Key findings underscore the importance of accurate
risk assessments, standardized safety protocols, and
the use of sensitive detection methods to protect work-
ers from hazardous drug exposure. Even low levels of
exposure can pose both acute and chronic health risks,
making biological monitoring and preventive strategies
essential in all settings where these drugs are handled.

The review also acknowledges limitations, including
potential publication bias, variations in data quality, and
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population heterogeneity, which should be considered
when interpreting the findings.

Overall, this review serves as a valuable resource in
enhancing the safety of those handling antineoplastic
drugs. Future research should focus on addressing the
identified gaps, particularly by conducting more compre-
hensive studies on long-term health effects and develop-
ing effective interventions to reduce exposure.
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