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A B S T R A C T   

Background: The global production and use of plastic materials has increased dramatically since the 1960s and 
there is increasing evidence of human health impacts related to exposure to plastic-associated chemicals. There 
is, however, no comprehensive, regulatory, post-market monitoring for human health effects of plastic-associated 
chemicals or particles and it is unclear how many of these have been investigated for effects in humans, and 
therefore what the knowledge gaps are. 
Objective: To create a systematic evidence map of peer-reviewed human studies investigating the potential effects 
of exposure to plastic-associated particles/chemicals on health to identify research gaps and provide recom
mendations for future research and regulation policy. 
Methods: Medline and Embase databases were used to identify peer-reviewed primary human studies published in 
English from Jan 1960 – Jan 2022 that investigated relationships between exposures to included plastic- 
associated particles/chemicals measured and detected in bio-samples and human health outcomes. Plastic- 
associated particles/chemicals included are: micro and nanoplastics, due to their widespread occurrence and 
potential for human exposure; polymers, the main building blocks of plastic; plasticizers and flame retardants, 
the two most common types of plastic additives with the highest concentration ranges in plastic materials; and 
bisphenols and per- or polyfluoroalkyl substances, two chemical classes of known health concern that are 
common in plastics. We extracted metadata on the population and study characteristics (country, intergenera
tional, sex, age, general/special exposure risk status, study design), exposure (plastic-associated particle/ 
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chemical, multiple exposures), and health outcome measures (biochemical, physiological, and/or clinical), from 
which we produced the interactive database ‘Plastic Health Map’ and a narrative summary. 
Results: We identified 100,949 unique articles, of which 3,587 met our inclusion criteria and were used to create 
a systematic evidence map. The Plastic Health Map with extracted metadata from included studies are freely 
available at https://osf.io/fhw7d/ and summary tables, plots and overall observations are included in this report. 
Conclusions: We present the first evidence map compiling human health research on a wide range of plastic- 
associated chemicals from several different chemical classes, in order to provide stakeholders, including re
searchers, regulators, and concerned individuals, with an efficient way to access published literature on the 
matter and determine knowledge gaps. We also provide examples of data clusters to facilitate systematic reviews 
and research gaps to help direct future research efforts. Extensive gaps are identified in the breadth of pop
ulations, exposures and outcomes addressed in studies of potential human health effects of plastic-associated 
chemicals. No studies of the human health effects of micro and/or nanoplastics were found, and no studies 
were found for 26/1,202 additives included in our search that are of known hazard concern and confirmed to be 
in active production. Few studies have addressed recent “substitution” chemicals for restricted additives such as 
organophosphate flame retardants, phthalate substitutes, and bisphenol analogues. We call for a paradigm shift 
in chemical regulation whereby new plastic chemicals are rigorously tested for safety before being introduced in 
consumer products, with ongoing post-introduction biomonitoring of their levels in humans and health effects 
throughout individuals’ life span, including in old age and across generations.   

1. Introduction 

1.1. Background 

Plastic is one of the most utilized materials in everyday life, with 
annual global use reaching 460 million metric tons in 2019 and expected 
to nearly triple by 2060 (OECD, 2022). It has been estimated that over 
three quarters of plastics produced still exists to date (Geyer et al., 
2017), which has resulted in unprecedented pollution in the ocean 
(Cózar et al., 2014; van der Mheen et al., 2020), atmosphere (Dris et al., 
2016; Liao et al., 2021); soil (Scheurer and Bigalke, 2018; Wahl et al., 
2021), and water supplies (Kosuth et al., 2018; Mintenig et al., 2019; 
Pivokonsky et al., 2018). Although the harmful environmental impacts 
of plastic have been widely discussed (Davison et al., 2021), a less 
commonly explored perspective on plastic pollution is the relationship 
between plastic particles (such as micro and/or nanoplastics) and 
plastic-associated chemicals (such as polymers, monomers, and/or ad
ditives) and their directly measured effects on human health. 

Plastic is used to manufacture a wide range of industrial and con
sumer goods, including construction materials, electronics, packaging 
materials, medical equipment, and toys. Due to plastic fragmentation 
during use and in the environment over time (WHO, 2022), humans can 
be exposed to plastic particles during the normal and intended use of 
plastic food contact materials (Jadhav et al., 2021; Zangmeister et al., 
2022), and to plastic particles intentionally produced and added to 
products, such as cosmetics and personal care products (Napper et al., 
2015). Plastic materials are made of various polymers (Table 1) 
depending on the properties required such as strength, flexibility, 
resistance to corrosion, heat/electrical conductivity, transparency and 
cost. 

The functional properties of the final plastic product are improved by 
the addition of additives such as colorants, heat and light stabilizers, 
antioxidants, biocides, fillers, plasticizers, and flame retardants (Fahl
man, 2018). Of all plastic additives, plasticizers, which provide flexi
bility (e.g., phthalates), and flame retardants, which provide fire 
resistance (e.g., polybrominated diphenyl ethers [PBDEs]), have the 
highest concentration ranges in plastic materials (ECHA, 2020). In 
addition to these intentionally added chemicals, plastic-based products 
can also contain non-intentionally added substances (NIAS) such as 
impurities, by-products, and breakdown products (Geueke, 2018; Wie
singer et al., 2021; Zimmermann et al., 2019). Both plastic additives and 
NIAS are not bound to the polymer matrix and can leach into the air, 
water and food products (Groh et al., 2019; Lunderberg et al., 2019; 
Rudel et al., 2003; Zimmermann et al., 2019), resulting in potential 
human exposure during use and from environmental contamination by 
plastic waste. 

Another chemical and another chemical class associated with plas
tics that are important in terms of extensive published evidence 
demonstrating significant levels of human exposure, as well as adverse 
effects on human health, are bisphenol A (BPA) (Hu et al., 2018; Hwang 
et al., 2018; Wu et al., 2020) and perfluoroalkyl and polyfluoroalkyl 
substances (PFAS) (Forns et al., 2020; Luo et al., 2020; Negri et al., 
2017). BPA is a monomer used to manufacture polycarbonates, epoxy 
resins, polysulfones, PVC, polyurethane and phenolic resins (Hahladakis 
et al., 2023) and may leach from items such as polycarbonate baby 
bottles (Simoneau et al., 2011; Siddique et al., 2021) and PVC food 
packaging materials (Wang et al., 2021), especially when the plastic 
product is exposed to heat or acidic/alkaline solutions due to polymer 
degradation (Luttrell and Baird, 2014). BPA has also been shown to 
migrate from several other plastic food contact materials into food or 
food simulants (Food Packaging Forum Foundation, 2022; Geueke et al., 
2022). Some PFAS occur as NIAS in plastic as a by-product in the fluo
rination of high-density polyethylene, a commonly used treatment to 
reduce permeability of the plastic packaging used for a wide range of 
consumer and industrial products (Vitale et al., 2022). PFAS are also 
used as polymer processing aids and are emitted not only during the 
production and processing of fluoropolymers (Lohmann et al., 2020), 
but also during their use. 

Importantly, human exposure to many of these plastic-associated 
chemicals can also occur through their use in other applications (Wie
singer et al., 2021), including the use of phthalates in cosmetics and 
personal care products (Pagoni et al., 2022), and PFAS in non-stick 
coatings, non-plastic food packaging materials, textile treatments and 
fire-fighting foam (Glüge et al., 2020). Additionally, accidental exposure 
to these chemicals can occur through direct contamination of food 
products or water supplies (Graber et al., 2019; Jamieson et al., 2011; 
Woolf, 1968), occupational exposure (Glüge et al., 2020); and industrial 
contamination (Han and Currell, 2017; Yang et al., 2015). Some plastic- 
associated chemicals such as polychlorinated biphenyls (PCBs) and 
PBDEs, which were historically added to some plastics as flame re
tardants, are persistent organic pollutants (POPs), and therefore, they do 
not easily degrade, remaining in the environment long-term, and being 
fat-soluble, can bioaccumulate in marine life and animal tissues and 
biomagnify in the food chain leading to human exposure (Ábalos et al., 
2019; Corsolini et al., 2005). 

Because of the ubiquitous presence of plastic products, micro and 
nanoplastic particles, and plastic-associated chemicals in everyday life 
and in the environment (Allen et al., 2022; Bergmann et al., 2019; 
Landrigan et al., 2020), human exposure to all of the above is inevitable, 
whether it is via inhalation (Brommer et al., 2012; Khalid Ageel et al., 
2022; Rudel et al., 2003), ingestion (Jamieson et al., 2011; Senathirajah 
et al., 2021), or direct dermal contact (Lazarov and Cordoba, 2000; Lv 
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et al., 2017; Majasuo et al., 2012). Moreover, children can be exposed to 
both plastic-associated particles and chemicals through additional 
routes, including prenatally via the placenta (Breton et al., 2021; Braun 
et al., 2021), and postnatally via breast milk (Chao et al., 2007; Liu et al., 
2023) or non-nutritional oral intake (Asimakopoulos et al., 2016; 
Aurisano et al., 2022; Catarino et al., 2018; Xue et al., 2007). Adding to 
the complexity of plastic-related exposure, some chemicals may induce 
non-monotonic responses (Vandenberg et al., 2012) or impact human 
health only when present in specific chemical mixtures (Tanner et al., 
2020). 

1.2. Motivation for this project 

A number of systematic reviews and meta-analyses have been pub
lished investigating the association between plastic-associated chem
icals and human health outcomes. These reviews are limited to a small 
number of plastic-associated chemical classes, such as PCBs (Gascon 
et al., 2014; Govarts et al., 2012; Leng et al., 2016), phthalates (Cai et al., 
2015; Golestanzadeh et al., 2020; Lee et al., 2018), BPA (Hu et al., 2018; 
Hwang et al., 2018; Wu et al., 2020), PFAS (Forns et al., 2020; Luo et al., 
2020; Negri et al., 2017), and PBDEs (Lam et al., 2017; Zhao et al., 2017; 
Zhao et al., 2015). Additionally, while these reviews report on the as
sociations between the level of these plastic-associated chemicals 
measured in the human body and a range of human health impacts, 
including carcinogenicity (Leng et al., 2016; Zhang et al., 2015; Zani 
et al., 2017), diabetes (Hwang et al., 2018; Song et al., 2016; Wu et al., 
2013), reproductive effects (Cai et al., 2015; Wen et al., 2019; Zhang 
et al., 2020), and neurodevelopmental effects (Lee et al., 2018; Lam 
et al., 2017; Radke et al., 2020), only specific diseases or disease-specific 
health outcomes are usually systematically reviewed, omitting the 
broader range of health outcomes that may have been studied in 
humans, as well as non-disease-specific health domains, such as impacts 
on gene expression and oxidative stress. 

As well as a growing awareness of the potential implications of 
plastic particles for human health impacts (WHO, 2022), there is 
increasing scientific evidence linking exposure to plastic-associated 
chemicals with human health issues, and increasing levels of public 

concern regarding plastics and health risks, and associated support for 
research (Davison et al., 2021). Given the large number of hazardous 
chemicals and chemicals of unknown hazard associated with plastic 
(Wiesinger et al., 2021), the substantial number of plastic materials 
currently in everyday use, human exposure to plastic-associated chem
icals through contact with household goods and furnishings, food 
packaging, electronics and construction materials and other non-plastic 
related sources, and the potential for human health impacts, there is an 
urgent need to systematically map the existing epidemiological research 
in this area. Although some epidemiological data are available through 
the Agency for Toxic Substances and Disease Registry (ATSDR), Pub
Chem and the European Chemicals Agency (ECHA), there is currently no 
database that allows for the search of peer-reviewed literature both by 
chemical exposure and/or health outcome measure. 

1.3. Problem formulation 

1.3.1. Scoping exercise 
We conducted preliminary searches in May 2020 in Prospero, Epis

timonikos, Cochrane, OSF, Medline/PubMed and Embase databases, 
and as we initially aimed to conduct a scoping review, we used the term 
‘scoping review’ and terms such as ‘plastic exposure’, ‘plastic particles’, 
‘plastic chemicals’ (interchanged with ‘plasticizers’, ‘flame retardants’, 
‘bisphenols’, ‘PFAS’) in combination with ‘human health’. We identified 
one published protocol for a systematic scoping review of studies on the 
impacts of plastics used in the entire food system, from production and 
processing to consumption and waste management. The purpose and 
scope of their study (subsequently published in 2021: Yates et al., 2021) 
was very different to ours – narrower in including studies exclusively on 
plastics used in the food system, targeting only seven plastic polymers, 
phthalates and BPA, and limiting their search to studies published post- 
2000, and broader in terms of including impacts beyond human health. 
The same searches conducted during preparation of our manuscript 
found six additional scoping reviews – organophosphate flame re
tardants (OPEs) and human neurodevelopmental toxicity (2002–2022) 
(Zhao et al., 2022); OPEs and pregnancy/birth outcomes (Gan et al., 
2023); BPA structural analogues and human, animal, and mechanistic 

Table 1 
Plastic types, polymers and common uses (CROW, 2021).  

PLASTIC TYPE PRINCIPAL POLYMERS (large scale production) COMMON USES 

Elastomers Butadiene-elastomers BR Tires, hoses 
Styrene-butadiene-elastomers SBR Shoe soles, car tires, conveyor belts, molded rubber goods, chewing gum 
Polyurethane PUR Flexible foam for bedding, furniture, automotive; rigid foam insulation in construction; 

adhesives, sealants, binders 
Amorphous 

thermoplastics 
Polycarbonate PC Medical equipment, construction materials, food storage, electronic components 
Polymethacrylate Optical fibers, bathroom fittings, biomedical applications, transparent glass substitutes 
Polystyrene PS Food packaging, medical applications, housewares, toys, takeaway food containers 
Polyvinyl chloride PVC Building and construction, water pipes, footwear, toys, automotive 
Polysulfones (e.g., polysulfone PSU, polyethersulfone PES, 
polyphenylsulfone PPSU) 

Automotive, medical devices, printer cartridges, aerospace 

Semi-crystalline 
thermoplastics 

Polyolefins (e.g., polypropylene PP, polyethylene PE) Food packaging, homewares, toys, automotive, clothing, carpets, disposable diapers, 
plastic bags, agriculture, pipes, construction materials 

Polyesters (e.g., polyethylene terephthalate PET, 
polybutylene terephthalate) 

Medical packaging, food packaging, plastic cards, textiles, drink bottles, household 
appliances, automotive 

Fluoropolymers (e.g., polytetrafluoroethylene PTFE, 
polyvinylidene fluoride PVDF) 

Aircraft, mechanical industry, chemical industry, food packaging, non-stick coatings, 
wire insulation and electronics 

Polyamide PA (e.g., nylon, Kevlar) Automotive, electronic, textile, carpets, upholstery, heat shields 
Thermosets Epoxy resin ER Electronics, structural adhesives, fiber-reinforced plastics, paints and coatings 

Phenolic resins PR Coatings for interior of food and beverage cans, composites, adhesives, pipe linings, 
electrical devices 

Unsaturated polyester resins Fiber reinforced plastics, pipes, coatings, adhesives 
Vinyl ester resins Coatings for building and construction, fiber reinforced plastics, solvent tanks, sewer 

pipes 
Melamine resins Kitchenware, laminates, glues, particleboards, floor tiles, cleaning abrasive, flame- 

resistant textiles 
Plastic particles Polyethylene, polypropylene, polyethylene terephthalate, 

nylon 
Cosmetics, face washes, toothpaste, textiles (primary microplastics) 

Acrylic, melamine, polyester Industrial scrubbers (primary microplastics) 
Various Plastic degradation (secondary microplastics)  
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toxicity (2015–2019) (Pelch et al., 2019); as well as PFAS and glucose 
metabolism disorders (research published until 2020) (Margolis and 
Sant, 2021), non-targeted metabolomics (2000–2021) (Guo et al., 
2022), and cancer (research published until Sep 2020) (Steenland and 
Winquist, 2021). Further searches replacing ‘scoping review’ with ‘evi
dence map’, ‘systematic review’, and ‘systematic evidence map’ (SEM) 
identified recently published SEMs that were also limited to single 
chemical classes – three on PFAS (including human health studies, plus 
in vitro and/or animal studies) (Carlson et al., 2022; Pelch et al., 2022; 
Zhang et al., 2023) and one on PCB mixtures and non-cancer health 
effects (Carlson et al., 2023). We also identified a SEM protocol on 34 
polyethylene terephthalate oligomers (Schreier et al., 2022) and a SEM 
on migrating and extractable food contact chemicals without any data 
on human health outcomes (Food Packaging Forum Foundation, 2022; 
Geueke et al., 2022). Also identified was a database created by sys
tematically mining microplastic toxicity literature, with no human 
epidemiological health studies included when accessed in April 2023 
(Thornton Hampton et al., 2022). Throughout our study, we found no 
previous, or in-progress, scoping review or SEM related to the broad 
topic of plastic particles, multiple plastic-associated chemicals and 
multiple human health outcomes. 

1.3.2. Prioritized plastic particles and plastic-associated chemicals 
Our review was designed to chart the scope of peer-reviewed 

research published from 1960 (when plastic began to be mass- 
produced) to January 2022 on the potential effects of plastic particles 
and plastic-associated chemicals on human health with the aims of 
highlighting any trends or gaps in what has been investigated, to reveal 
opportunities and priorities for further research in specific areas, 
including systematic reviews, and provide recommendations on regu
lation policy. 

In this SEM, we include plastic particles (micro and nanoplastics), 
being small pieces of plastic and due to their widespread occurrence and 
potential for human exposure (WHO, 2022); and polymers, as the main 
building blocks of plastics. It was not possible to review all chemicals 
that may be present in plastic materials, in part because many of them 
are unknown, especially in the case of NIAS (Groh et al., 2019; Muncke 
et al., 2017; Zimmermann et al., 2021). Herein, chemical classes, other 
than polymers, are restricted to plastic additives that act as plasticizers 
and/or flame retardants, considering their high concentration in plastic 
materials compared to other additives (ECHA, 2020), and also bisphe
nols and PFAS because they also occur in plastics and populations are 
known to be exposed to them through food contact materials (Food 
Packaging Forum Foundation, 2022; Geueke et al., 2022). We are 
cognizant that humans are also exposed to a range of other plastic- 
associated chemicals, but we considered the high degree of concern 
about human health effects associated with plasticizers, flame re
tardants, bisphenols and PFAS, which is reflected in their inclusion in a 
number of systematic reviews of health literature (see above) as well as 
in major human biomonitoring programs: the ‘National Health and 
Nutrition Examination Survey (NHANES)’ in the United States (Calafat, 
2012), and the ‘HBM4EU’ biomonitoring initiative in Europe (German 
Environment Agency, 2022). Both these biomonitoring programs screen 
for specific plasticizers and flame retardants, several bisphenols and 
PFAS (CDC, 2022; German Environment Agency, 2022). We include all 
research investigating the health impacts of plastic particles and these 
plastic-associated chemicals regardless of the source of exposure, as all 
information regarding health outcomes are relevant to chemical regu
lation and policy. 

1.4. Objectives and specific aims 

Our primary research question was, “In primary peer-reviewed 
research conducted since 1960 on the effects of plastic-associated par
ticles and chemicals on human health, which particles (micro and/or 
nanoplastics), polymers, plasticizers, flame retardants, bisphenols and 

PFAS, and which health domains have (and have not) been investi
gated?” We have created a SEM of included studies published between 
Jan 1960 – Jan 2022 consisting of the following extracted metadata:  

• Population and study characteristics – the populations studied, 
geographically and by generation, sex, age group and general/spe
cial exposure risk status; the study designs employed.  

• Exposures – plastic particles (micro and nanoplastics) and the plastic- 
associated chemicals that have been the focus of research during this 
period; the trend for plastic-associated chemicals studied in relation 
to human health outcomes over time; and whether multiple chemical 
classes were investigated within an article.  

• Health outcomes – the health domains that have been the focus of 
research whether they are biochemical, physiological, and/or clin
ical outcomes/measures. 

The conceptual framework for the project, including the intended 
scope, process, variables considered and anticipated outputs, is illus
trated in Fig. 1. Given that attempts to synthesize findings across studies 
are complicated by the lack of consistent terminology used to name 
plastic chemicals and describe human health outcome measures, a sec
ondary aim of this SEM was to provide comprehensive and searchable 
databases of included plastic-associated chemicals and human health 
outcomes indexing the multiple names, synonyms and commonly used 
terminology. 

2. Materials and methods 

2.1. Protocol and registration 

Our protocol was determined based on consultation with a group of 
stakeholders including representatives from three academic institutions 
in Australia (polymer chemists Dr Marck Norret at the University of 
Western Australia, Prof Andrew Lowe at Curtin University, and envi
ronmental health scientists Prof Jochen Mueller and Prof Kevin Thomas 
at The University of Queensland). This consultation process was con
ducted in May-September 2020, and it helped narrow the scope of this 
SEM to plastic particles (micro and/or nanoplastics), polymers, plasti
cizers, flame retardants, bisphenols and PFAS (see Appendix A.1 for 
more details). Details about the expertise of the authors and non-author 
reviewers as well as their roles and responsibilities throughout this 
project have been provided in Appendix A.2. 

The protocol was drafted using the PRISMA (Preferred reporting 
items for systematic reviews and meta-analyses) Protocols guidelines 
(Shamseer et al., 2015) and used the methodological framework rec
ommended for scoping reviews (Peters et al., 2020; Tricco et al., 2018), 
with V1.0 registered prospectively with OSF, the Open Science 
Framework-Standard Pre-Data Collection Registration (https://osf. 
io/gbxps; doi: 10.17605/OSF.IO/GBXPS), on 18 August 2021, dissemi
nated via the preprint server medRxiv (Goodes et al., 2022) and V2.0 
subsequently published as open-access (Goodes et al., 2022). A protocol 
update, V2.1, was uploaded to OSF on 01 February 2023 (https://osf. 
io/8w7nr). In summary, this protocol update included the following 
points:  

• Extension of the project by producing an interactive database and 
converting the study design from a scoping review to a SEM, herein 
referred to as the ‘Plastic Health Map’. This deviation led to a change 
in the title and the addition of several methodological steps for 
producing a SEM. Herein, our reporting conforms with recommen
dations made by Thayer et al. (2022).  

• A narrower search strategy. Protocol V2.0 stated that we would 
“review the reference lists associated with a related ‘Umbrella Re
view’ of systematic reviews with meta-analyses on this topic”. The 
V2.1 update stated this would now not be performed due to the 
different timelines of the two reviews and the small overlap in 
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included chemicals. (The intention stated in protocol V2.0 not to 
check the reference lists of included articles was retained in V2.1.) 

• More details regarding how the search strategy was developed, in
clusion/exclusion criteria and the data extraction/management 
process. 

• Additional detail on data extraction in relation to the studied pop
ulation, specifically whether this population was at a special/higher 
risk of exposure to the plastic-associated chemicals (e.g., due to their 
occupation, poisoning event or residence in a high-risk 
environment). 

All versions of the protocol, project updates, a link to an instructional 
video for using the interactive database and a link to the Plastic Health 
Map are available at https://osf.io/fhw7d/. 

2.2. Pilot searches 

The pilot searches were conducted, and the electronic search strategy 
developed in consultation with Research Librarian TS. Initially, pilot 
searches of Medline and Embase using the Ovid® search platform were 
conducted to identify a variety of articles on the topic and explore the 
keywords highlighted, the keyword search fields and the hierarchy of 
indexing terms (subject headings) in each database, as well as 

approaches for excluding articles describing animal-only studies. In the 
Medline and Embase pilot searches, for Population, we used the term 
‘human’; combined with broad terms for Exposure such as ‘plastics’, 
‘plastic particles’, ‘microplastics’ and ‘nanoplastics’, ‘polymers’, and 
functional terms for the included plastic chemical classes, i.e., ‘plasti
cizer/plasticiser’ and ‘flame retardant/fire retardant’, as well as class 
names, including ‘phthalates’, ‘bisphenols’ and ‘PFAS’; and also com
bined with general terms for Outcome, including ‘human health’, ‘health 
outcomes’ and ‘epidemiology’. From the found articles, we identified 
search terms for human health outcomes to incorporate into our search 
strategy, including keywords, and in each database, indexing terms to 
capture the broadest possible range of health outcomes, only excluding 
sections of the indexing hierarchy obviously unrelated to plastic- 
associated chemical exposure and likely to result in the retrieval of 
irrelevant results. 

Secondly, indexing terms were identified in each database to capture 
plastic particles and included chemical classes to incorporate into our 
search. A database of chemicals in the included groups/classes were 
selected by chemists JA and MB for the search strategy based on pre
selected references identified via afore-mentioned consultation with Dr 
Norret – seven for plastic additives (ATSDR, 2020; ECHA, 2020a; ECHA, 
2020b; ECHA, 2020c; Groh et al., 2019; Stockholm Convention, 2019; 
Stockholm Convention, 2019) and seven for polymers (Braun et al., 

Fig. 1. Conceptual framework showing the intended scope of the project, the process, the variables considered and anticipated outputs. Orange boxes are the 
effect modifiers. 
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2013; CROW, 2021; Koltzenburg et al., 2017; Lithner et al., 2011; Ravve, 
2012; Salamone, 1996; Wypych, 2016) (detailed in Excel Table B.1). For 
items sourced from the ECHA Plastic Additive Initiative list that were 
chemical mixtures/groups, constituent chemicals were also included in 
the search strategy if they were specifically itemized on the ECHA 
website. Plastic chemicals were excluded from the search strategy if the 
pilot searches revealed they have primarily been studied in biomedical 
applications or as food additives, with many thousands of retrieved 
studies designed to evaluate the effectiveness of procedures/treatments 
for health conditions (e.g., a prosthesis in orthopedic surgery), rather 
than to analyze the effects of the plastic material itself in the body. 

Thirdly, further pilot searches were undertaken to identify indexing 
terms in each database for well-studied specific chemicals, and to test 
terms for the specific polymers in our chemical database. For the 
chemical additives, search strings were constructed to include the CAS 
number, IUPAC name, commonly used names and synonyms (each 
separated by ‘OR’) for each chemical. We ran pilot searches of groups of 
polymers and chemical additives, combined with keyword strings and 
indexing terms for health outcomes, again identifying the source of very 
large numbers of irrelevant search results, and testing useful exclusion 
terms (e.g., plasticity, plastic surgery, drug delivery) to minimize the 
number of unsuitable articles retrieved by the search. We also tested the 
use of syntax such as proximity operators and the truncation symbol * to 
streamline the search strategy. 

Scopus and Web of Science databases were also investigated as 
sources; however, these were deemed unsuitable. Unlike when accessing 
Medline and Embase using the Ovid platform, it is not possible to 
conduct complex searches of these databases that combine groups of 
exposure terms with groups of health outcome and exclusion terms 
(each group consisting of multiple indexing terms and multiple long 
keyword strings), which was necessary for our SEM (See Appendix A.3 
for complex search strategy). In addition, there is a lack of indexing 
terms and filters for human-only studies. 

2.3. Search strategy 

2.3.1. Medline and Embase original searches 
Informed by the pilot searches, the electronic search strategy was 

developed in accordance with the Peer Review of Electronic Search 
Strategies (PRESS) checklist (see complete search strategy for each 
database in Appendix A.3) (McGowan et al., 2016). Advice was provided 
by a Senior Training Consultant from Ovid® and the search strategy was 
peer reviewed by an Information Retrieval Specialist (York Health Eco
nomics Consortium and Independent Consultant) who has extensive 
experience conducting Cochrane Collaboration literature searches. A se
ries of electronic searches were constructed for each database (30 in 
Medline and 30 in Embase) using the Ovid® search platform, with a 
validated search filter specific to each database used to identify human 
(Population) studies and exclude animal-only studies (Bramer et al., 2020; 
Tessier, 2019; Venn, 2020). Each search combined clusters of indexing 
and keyword terms through the use of the Boolean operators ‘AND’, ‘OR’ 
and ‘NOT’ via the strategy: [a group of plastic Exposures] AND [all health 
Outcomes] NOT [all exclusions], limited to English language and the date 
range 1960–21 Jan 2021. Each search addressing a particular group of 
plastic exposures included the same keyword terms but was tailored for 
each database in terms of indexing terms. The syntax used in both data
bases included ‘/exp’ to explode (broaden) exposure and health outcome 
indexing terms when appropriate to capture associated narrower terms, 
the truncation symbol * (for example, ‘plasticizer*’ to capture both 
‘plasticizer’ and ‘plasticizers’), quotation marks around exact phrases, and 
occasional use of the proximity operator ‘ADJ’ for keyword searching of 
title and abstract fields to capture terms adjacent within a tested number 
of words, for example, ‘health adj2 (implication* or impact* or effect* or 
toxicity or consequence* or hazard* or outcome*)’. Syntax differed 
slightly between databases in terms of the selected keyword search fields 
(the range of options being unique to each). 

2.3.2. Benchmarking 
During September 2020, the search strategy was tested for sensitivity 

against a set of 16 pre-determined primary articles: 14 were selected as 
being relevant and suitable from the reference lists of two key literature 
reviews (Hengstler et al., 2011; Meeker et al., 2009) and a book chapter 
(Galloway, 2015), and included articles on health outcomes in relation 
to human exposure to phthalates and BPA; and two further articles were 
selected relating to human health effects of PFAS exposure (Steenland 
and Woskie, 2012; Vieira et al., 2013). The source publications and in
dividual articles are listed in Appendix A.4.1. All 16 of the pre- 
determined articles were captured by our Medline and Embase 
searches. Full details and results of the benchmarking exercise are 
available in Appendix A.4.2. 

2.3.3. Other resources consulted 
As another source of potentially suitable articles, a set of 63 sys

tematic reviews with meta-analyses investigating potential human 
health effects associated with exposure to plastic chemicals (listed in 
Excel Table C.1) was consulted. 1,337 of the articles cited in these re
views were uploaded into DistillerSR systematic review software 
application (DistillerSR, 2021). 

2.3.4. Search update in Medline and Embase 
In 2022, an update of the bibliographic searches was undertaken in 

Medline and Embase using the same search strategy as reported in 
Appendix A.3 to identify new research between 21 Jan 2021 to 31 Jan 
2022. 

2.4. Eligibility criteria 

Articles were eligible for inclusion if they were peer-reviewed pri
mary research articles published in English between Jan 1960 and Jan 
2022. We started our search from 1960 because, while the large-scale 
production and use of plastics date back to the 1950s, plastic pollution 
only increased significantly from the 1960s onward (Geyer et al., 2017). 
In line with standard SEM methodology, articles were not excluded 
based on quality in terms of sample size adequacy or scientific rigor of 
the methodology or quality of statistics (Thayer et al., 2022), but were 
excluded if not published in peer-reviewed journals, since a peer review 
process indicates that some level of assessment of scientific rigor has 
been done. 

The inclusion and exclusion criteria were formulated for the search 
and screening of articles prior to screening, based on the population, 
exposure, comparator and outcome (PECO) criteria described in Table 2 
(Munn et al., 2018; Moola et al., 2015). Articles were eligible if they 
involved humans, measured levels of exposure to plastic particles or one 
or more included plastic-associated chemicals in a human bio-sample 
and reported a human health outcome. 

In terms of Exposure specifically, articles were eligible for inclusion 
if they investigated plastic particles (micro or nanoplastics) and/or 
synthetic thermoplastics and thermosetting polymers, plastic additives 
that act as plasticizers and/or flame retardants, bisphenols, or PFAS. 
Excel Table B.1 and the “Chemical Search” tab of the Plastic Health Map 
display the complete list of chemicals, including those sourced from our 
preselected references, as well as additional plastic chemicals identified 
during data extraction as belonging to included chemical classes and 
added to the database according to expert decision by Authors JA and 
MB (doctoral degrees in chemistry). Excel Table B.1 also presents in
formation about the function of the included chemicals and the reason 
for inclusion in this SEM. Ineligible for inclusion were articles only 
investigating other additives (such as colorants, stabilizers, antioxidants 
and fillers), monomers apart from bisphenols, or other chemicals 
involved in plastic manufacturing (e.g., processing agents), recycling or 
disposal. 

While many of these included chemicals are known to be used in 
other (non-plastic) applications, the source of exposure to these 
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chemicals (via plastic or otherwise) was not relevant for inclusion/ 
exclusion. Articles were excluded if they described the use of a plastic 
material/chemical in a study that was not designed to examine the ef
fects of the plastic material/chemical itself on a health outcome, such as 
the use of a plastic film in microscopy. We also excluded articles where 
plastic materials were used in medical applications, in order to be 
consistent with our search strategy that necessarily contained several 
exclusion terms for medical procedures/treatments. 

In terms of Outcome specifically, articles were eligible for inclusion if 
a health outcome, i.e., any disease state (or death), or any quantifiable 
physiological change, or quantifiable measure of health/disease 
(including mental health) or fetal/child development, was directly 
assessed in the same members of the population assessed for Exposure. 

2.5. Data management and screening in DistillerSR 

All identified articles were uploaded into the DistillerSR and de- 
duplicated. Eligibility screening and subsequent data extraction were 
then performed using DistillerSR and the forms were designed within 
DistillerSR. Articles were screened in two stages: “Level 1” and “Level 2” 
screening. Before each stage, reviewers were provided with screening 
guidelines (Appendix D.1-D.2) and underwent in-depth training using 
example articles. Training included defining and reinforcing how to 
interpret and apply eligibility criteria. Pilot testing of the eligibility 
criteria and consistency checking were performed prior to both levels of 
screening, with reviewers required to achieve an 85% agreement rate 
with resolved group decisions for a subset of n = 300 pre-selected arti
cles at each stage and exclude no more than 2% of eligible articles. 

At Level 1 Screening, articles were screened for relevance by title, 
abstract and index terms. Articles for which an abstract was not avail
able, but were potentially relevant, were included at this stage. Due to 
the large number of articles retrieved, Level 1 screening was performed 
by a single reviewer and to minimize the number of potentially eligible 
articles being excluded, the inbuilt artificial intelligence tool within the 
Distiller software (DistillerAI) (DistillerSR, 2022; Hamel et al., 2020) 
was used to identify possible false exclusions and when found, these 
articles were re-screened. Out of 1,946 articles detected by DistillerAI 
from the original search and 47 from the updated search, upon re- 

screening by a second independent reviewer, 139 articles were re- 
included in the SEM from the original search and one from the upda
ted search. Additionally, auditing was performed by three experienced 
reviewers (BJS, YM, EW) on a random 5% of screened articles to eval
uate screening accuracy. No false exclusions were detected during 
auditing. 

At Level 2 screening, full-text articles were procured and reviewed 
for eligibility by one reviewer. Included articles proceeded to data 
extraction, while excluded articles required confirmation by a second 
reviewer before being discarded. Any disagreements were resolved by a 
third reviewer with relevant experience for health outcomes (LM, CS, 
and BJS) and for chemicals (JA and MB). The “codebook” for full-text 
screening at Level 2 has been provided in Excel Table E.1. No data 
were extracted at this level. The list of articles excluded at Level 2 has 
been provided in Excel Table F.1, along with the reasons for exclusion. 

2.6. Data extraction and coding 

Data extraction forms were designed in DistillerSR to confirm that 
articles fulfilled the inclusion criteria and to extract data items described 
in Section 2.7. Articles could be excluded during data extraction if they 
were found to not meet the eligibility criteria or if it was not possible to 
extract relevant data items due to ambiguity. The list of articles excluded 
at the data extraction stage has been provided in Excel Table F.1, along 
with the reasons for exclusion. With the aim to make our data extraction 
process consistent and reproducible, coding of all data items, except for 
chemical names and health outcome measures, involved selecting one or 
more listed pre-defined options or “codes”, avoiding the need to enter 
free text. The data “codebook” is available in Excel Table E.2. 

During the training period, the coding strategy/data extraction 
process/forms were pilot tested against a subset of 75 articles by two 
independent reviewers per article. Minor revisions were made to the 
forms before implementation (e.g., “ambiguous reporting of data” cod
ing option added). Coding of chemical names and health outcome 
measures were standardized using an interactive web application (Shiny 
app) using the Shiny package (Chang et al., 2021) within RStudio 
(RStudio Team, 2021; R Core Team, 2021) to guide reviewers during 
data extraction. The Plastic Health Map contains a comprehensive and 

Table 2 
Inclusion and exclusion criteria for article selection.  

Criteria Inclusion Exclusion 

Document type Primary peer-reviewed research article, including case studies, case series and 
short communications. 

Pre-prints, reviews, meta-analyses, book chapters, conference proceedings/ 
abstracts, cohort profiles, letter to editor, editorial, podcast, grey literature and 
any other non-primary peer-reviewed research article. 

Population Humans of either sex or any age group, including developing fetus. In chemico, in silico, in vitro, animal and mechanistic studies. 
Exposure At least one exposure measured and detected is/contains a plastic particle 

(micro and nanoplastics) or an included plastic-associated chemical 
(individual polymer or polymer class, additive – plasticizer or flame retardant, 
bisphenol, or PFAS). For a full list, see Excel Table B.1. 

Exposure to plastic material, plastic particles (micro and nanoplastics) and/or 
included plastic chemicals associated with a medical intervention or 
procedure, e.g., implant or medical device. 

Measured directly via human bio-samples and detected OR an experimental 
exposure (including patch tests and skin prick tests). 

Human exposure levels only estimated via measurements of chemical 
concentrations in environmental samples. 

All sources and pathways of exposure. Individual populations may have 
‘general’ exposure risk, they may be exposed experimentally, or they may 
have a ‘special’ exposure risk whereby they are at an increased risk of exposure 
associated with their occupation, ingestion/poisoning events or residential 
location.  

Comparators/ 
controls 

All studies with or without a comparator/control group.  

Outcome Any health outcome (including physiological changes, mental health and 
developmental outcomes/measures) assessed by investigators, or reported in a 
previous study, or extracted from medical records, research database or 
validated surveys. For a full list of categories see Excel Table B.2. 

No health outcome assessed (i.e., exposure-only, or toxicokinetics/ 
pharmacokinetics studies); health risk only estimated/modelled; use of non- 
validated health questionnaires for self-reported symptoms, parent-reported 
child symptoms or developmental milestones. 

Aim of study is to examine the effect of exposure on the human health 
outcome. 

No analysis of differences in exposure by health outcome, or differences in 
health outcome by exposure. 
Examination of the function/efficacy of a plastic item/material as an 
intervention for a health condition, or use of plastic material in a study 
methodology. 

Study design All study designs are relevant.   
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searchable database of included plastic chemicals (“Chemicals Search” 
tab) and health outcomes (“Health Outcomes” tab), including clinical 
signs and measures of body function, structure, and pathology. Both 
search tabs contain several synonyms and possible search terms and a 
“fuzziness” function to allow for spelling errors or differences in syntax 
of chemical names during searches. Reviewers were then required to 
copy the pre-defined output (“Extracted Name” in “Chemical Search” 
tab and “Extracted Outcome” in “Health Outcomes” tab) over to the 
DistillerSR form in order to minimize inconsistencies. During validation 
of the forms and data extraction process/codes, consistency of data 
extraction between pairs were evaluated for a random set of 100 articles. 

Data from each full-text article were extracted by two independent 
reviewers. To identify potential inconsistencies within reviewer pairs, 
random assignment was used. By avoiding constant pairing between two 
individuals, the possibility of consistently paired reviewers overlooking 
the same mistakes was minimized. Reviewer pairs discussed and 
resolved any inconsistencies after independently reviewing a batch of 
10–20 articles, with input from a third reviewer (LM, BJS, MB) if 
assistance was required to resolve decisions. In addition, all reviewers 
met weekly throughout the data extraction process, which spanned over 
a period of one year, to resolve inconsistencies and discuss any un
certainties related to data extraction. With the aim to optimize our 
searchable database of chemicals and health outcomes, additional syn
onyms for the included plastic chemicals and health outcomes were 
added throughout the data extraction process to help ensure consistency 
in the coding process. Following data extraction, auditing was per
formed on a random set of 530 articles by four experienced reviewers 
(BJS, EW, YM, AG) to check for consistency. The result of the audit was 
verified among the reviewers and a small number of changes were made 
to completed forms as appropriate. 

2.7. Data items 

For further details on each set of data items, see codebook provided 
in Excel Table E.2; and see guidelines for data extraction in 
Appendix D.3. 

2.7.1. Population and study characteristics 
The countries of the first and last authors and the investigated pop

ulations were extracted from included full-text articles, as were the years 
of publications. Multiple entries were possible for the country of 
investigated populations. 

Populations investigated in each study were categorized as: 1) “in
dividuals,” whereby the exposure and health outcomes were measured 
within the same individuals, 2) “mother–child pairs,” if the study 
investigated the influence of maternal exposure on the child’s health 
outcome, 3) “father-child pairs,” if the study investigated the influence 
of paternal exposure on the child’s health outcome, and 4) “father- 
mother-child family,” if the study investigated the influence of parental 
exposure on the child’s health outcome. The same article could poten
tially have two population types (e.g., exposure levels measured in 
mother correlated with health outcomes measured in both mother and 
child). 

Information on biological sex of the investigated population (male- 
only, female-only, mixed, or unknown/unavailable), age at which 
exposure was measured, and age at which health outcome was measured 
were also extracted. Our age ranges were: prenatal (<0 days), neonate 
(0-<28 days), infant (28 days-<12 months), child (12 months-<10 
years), adolescent (10-<18 years), and adult (18+). The age category 
“older adult/elderly” was used if either term was specified in an article 
and separate analyses were done on that population. “Unspecified” was 
used if the age of the studied population was not specified in the article. 
In instances where a study examined exposures and/or health outcome 
measures across a range of age groups, multiple age categories could be 
selected. 

Due to the wide range of study designs reported in included studies 
(e.g., multiple populations/timepoints/sub-analyses), we implemented 
broad categories of study designs, which comprised “Experimental 
study” (either with a control/comparator group or without, e.g., skin 
patch test), “Longitudinal study” with multiple time points of exposure 
and/or health outcome measures, “Cross-sectional study” with a single 
time point for exposure and health outcome measure (not necessarily 
measured at the same time), and “Case study/series”. When an article 
reported findings for multiple population types, a study design was 
extracted for each population type. As a result, a single article could 
have multiple study designs. 

2.7.2. Exposure 
All included plastic-associated particles/chemicals that had been 

directly measured via bio-samples and detected in at least one study 
participant (>the analytical method’s limit of detection), and that were 
evaluated for their health impacts, were extracted, irrespective of 
whether an association with the health outcome was found. However, 
for patch test and skin prick test studies, only included plastic chemicals 
that caused a positive skin reaction were extracted due to the extensive 
numbers of chemicals used in patch test series. For studies that measured 
the metabolites of included plastic chemicals, the corresponding parent 
chemicals were extracted; and if the metabolite was non-specific, all 
potential parent chemicals were extracted. In addition, we recorded 
whether more than one chemical class was measured in each study, 
irrespective of whether the additional chemical was an included plastic 
chemical from our database. The statistical methods employed, 
including analyses to determine potential mixed effects in the case of 
multiple exposures, were not extracted. 

We also documented whether the studied population had a special 
risk of exposure, that is, if the article indicated the population had a 
potentially increased risk of exposure associated with occupation (e.g., 
working in a plastic production factory), an ingestion/poisoning event 
(e.g., rice bran oil mass poisoning events in Yusho/Yucheng population 
(Masuda and Schecter, 1994; Woolf, 1968), or other factors such as 
residence in a high-risk environment (e.g., living near e-waste recycling 
sites). If there was a special risk population studied with respect to 
exposure, we then noted whether there was a comparator group for 
which a group analysis was performed. 

2.7.3. Outcome 
Health outcome measures included any assessment of change in 

structure or function of the human body, whether undertaken at the 
clinical, functional, physiological, or cellular level or related to a dis
ease/disorder. All health outcome measures were classified within the 
categories for diseases and disorders, using the hierarchical structure of 
the International Classification of Disease 11th Revision (ICD-11) (WHO, 
2019) with 20 levels and an additional category created to capture 
“Health-related measures not related to a specific system” (e.g., oxida
tive stress markers in urine, see Excel Table B.2). Only health outcome 
measures analyzed against the levels of exposure were extracted and any 
measures used only as covariates/confounders were excluded. For self- 
reported data, to ensure a degree of reliability, these outcome mea
sures were extracted only if reporting clinical diagnoses or part of a 
validated questionnaire; and similarly, parent-reported childhood 
developmental milestones were extracted only if recorded at the time of 
occurrence (not retrospectively, which would rely on memory) via 
questionnaires. The effects of plastic particle/chemical exposure on 
health outcome measures (positive/negative/null associations) were not 
relevant for inclusion/exclusion and were not documented in this SEM. 
Due to the extensive clinical assessments performed in case studies/se
ries, without analysis of the effect of exposures on assessment findings, 
only the final diagnoses and/or clinical test results outside normal 
ranges were recorded. 
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2.8. Data management and storage 

Following data extraction, additional consistency checks were per
formed in RStudio4.1.2 by searching for unlikely data combinations (e.g., 
multiple chemicals from different classes recorded, but “multiple ex
posures” not selected) or input of non-pre-defined chemical exposure or 
health outcome (full scripts available on Github) (RStudio Team, 2021). 
Detected inconsistencies in categorization of data items were discussed 
among experienced reviewers YM, BJS, LM and EW and changes to the 
original DistillerSR forms were made on consensus where necessary. An 
additional round of duplication check was performed at this stage using 
a weighted pair comparison of both the DOI and the title separately, 
using the “RecordLinkage” package in R (Sariyar and Borg, 2010). Using 
the weighted pair comparison approach enabled the identification of 
duplicates which had minor spelling variations (e.g., punctuation 
marks). Access to the forms and extracted data within DistillerSR is 
available upon request for users with DistillerSR access. The finalized 
data from DistillerSR were exported in a single data frame as a csv file in 
a wide format and wide columns collapsed based on data items listed in 
the codebook (except for multiple populations). Included plastic 
chemicals were grouped into the following classes: PCBs, phthalates, 
bisphenols, PFAS, PBDEs, polybrominated biphenyls (PBBs), OPEs, 
other plasticizers, other flame retardants, other mixed use, and polymers 
(see Excel Table B.1). Final data used for synthesis of results are pro
vided in Excel Table F.2. Extracted health outcome measures were 
grouped into their respective ICD-11 categories. Definitions of each 
fundamental entity used in this SEM and in the interactive database are 
provided in Excel Table E.3 and their relationships presented in Excel 
Table E.4. 

2.9. Synthesis of results 

Countries were grouped according to the World Bank’s 2022 classi
fication of economic status (see Excel Table B.3) (World bank country 
and lending groups, 2022). Production volume and hazard classification 
data (by aggregated regulatory sources) published by Wiesinger and 
colleagues (2021) were added for individual included chemicals where 
available (see Excel Table B.1). In order to compare trends for the timing 
of research on PBDEs, phthalates and BPA, with research on their 
respective emerging substitute/alternative chemicals (OPEs, phthalate 
substitutes and bisphenol analogues respectively), dates associated with 
the first instances of restriction/banning of original chemicals, and dates 
associated with significant increases in production/usage of the corre
sponding substitute/alternative chemicals, were identified from pub
lished literature (He et al., 2018; Oliviero et al., 2022; Kasper- 
Sonnenberg et al., 2019; Simoneau et al., 2011; The commission of the 
European communities, 1999). 

The highest level of classification within ICD-11 was used for total 
counts of health outcome measures reported in the heatmaps herein and 
within the Plastic Health Map and additional sub-categories of health 
outcome measures were used for more detailed heatmaps within the 
interactive database (see Excel Table B.2 and/or “Health Outcomes” tab 
of the Plastic Health Map for classification hierarchy). For each pre
sented data item, the count of the unique articles that fitted the cate
gorization was reported. As multiple combinations of population, 
exposure and/or health outcome may have been extracted from a single 
article for some data items (e.g., multiple age groups or both “individ
ual” and “mother–child pairs”), the total counts of articles across cate
gories and/or data items may be different from the total number of 
articles included in this SEM. For example, a single article that investi
gated both “individuals” and “mother-child pairs” would be counted in 
both population categories, resulting in an increase of two in the total 
count. 

Users can interrogate the metadata directly (Excel Table F.2) using 
filtering functions on columns to identify studies across one or more 
specific categories within data items. Using the Shiny package (Chang 

et al., 2021) within RStudio (RStudio Team, 2021; R Core Team, 2021), 
the Plastic Health Map was developed (see GitHub for codes) and is 
available via OSF at https://osf.io/fhw7d/. The Plastic Health Map 
comprises three interactive heatmap tabs (Overview, Heatmap Health 
and Heatmap Chemicals), with heatmaps showing number of articles by 
plastic chemical classes (and their sub-categories) and category (and 
sub-categories) of health outcome measures; and two look-up tables 
(Chemicals Search and Health Outcomes tabs) containing the controlled 
vocabulary terms used for data extraction. 

All heatmap plots can be filtered by selecting the data items on the 
left in “Dashboard” view; the bibliographical details of associated arti
cles can then be viewed and downloaded as a CSV file in “References” 
view. If an article contains information on more than one chemical class 
and/or more than one health outcome category, each intersection is 
shown as an individual count/record. The “Overview” tab shows the 
overall trend of the number of articles published per year by plastic 
chemical class and the geographical distribution of included studies 
(Fig. 2). The “Heatmap Health” tab (Fig. G.1) allows a more granular 
view of health outcomes investigated for each chemical class (highest 
level of classification for chemical exposure). The “Heatmap Chemicals” 
tab (Fig. G.2) allows a more granular view of chemical exposures 
investigated for each ICD category (highest level of classification for 
health outcome). 

The “Chemicals Search” tab (Fig. G.3) is a searchable look-up table of 
all chemicals included in the SEM showing the IUPAC Name, extracted 
name, synonyms, CAS number, metabolites, the Chemical Class name 
used for the plots in each tab and classifications associated with each 
chemical. To retrieve all articles in the database which investigate a 
specific chemical, the CAS number can be entered in the lower left text 
box, and bibliographical details of the associated articles can then be 
viewed and downloaded in “References” view. The “Health Outcomes” 
tab (Fig. G.4) is a searchable look-up table for the hierarchical structure 
of health outcome classification showing ICD category, ICD sub- 
categories (Levels 1, 2, 3), associated search terms (specific disorders, 
anatomy, tests, etc.), the Extracted health outcome, and the associated 
Health Outcome Group used for the “Heatmap Health” tab. 

3. Results 

3.1. Search and selection of eligible primary research articles 

After 54,316 duplicates were removed, the literature search con
ducted in Medline and Embase (Ovid®) databases and systematic re
views reference lists yielded a total of 100,949 potentially relevant 
articles. Based on the title and the abstract, 6,161 articles met the 
eligibility criteria at Level 1 screening, and the corresponding full-text 
articles were procured for Level 2 screening. Six articles could not be 
procured and consequently were not included in this review. After 
eligibility screening of the full-text articles, 3,911 articles were taken 
through to the data extraction stage, out of which 3,587 articles were 
included in this SEM. 2,244 articles were excluded during Level 2 full- 
text screening and 324 articles were excluded during data extraction. 
Reasons for exclusion for each article assessed at these two stages are 
given in Excel Table F.1. The flow of articles from identification through 
to final inclusion is represented in Fig. 3 (PRISMA). 

3.2. Population and study design 

The included articles were for studies conducted across 78 countries 
based on investigated population (Fig. 4A, Plastic Health Map), 61 
countries based on affiliation of the last author, and 67 countries based 
on the affiliation of the first author (Fig. G.5), with USA and China 
contributing to ~40% of the evidence in our SEM based on investigated 
population (Fig. 4B). Interestingly, while several articles investigated 
populations from countries such as Cambodia, Chile, Ukraine and 
Vietnam, these countries were not listed as a country of affiliation for 
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any of the last authors. The majority of included articles investigated 
populations from high-income countries (~82%, Fig. 4C). Only three 
articles investigated populations from low-income countries (one on 
Ethiopia, one on Uganda and one on Guinea-Bissau, see Excel Table B.3). 

Population demographics and study designs of the included studies 
are summarized in Fig. 5. Regarding the population of interest for 
included studies, over one quarter (28.5%) investigated the effect of 
maternal exposure on the child, there were only 13 studies (~0.4%) on 
the effect of parental exposure (both mother and father) on the child and 
no studies on the effect of paternal exposure on the child (Fig. 5A). Over 
60% of included studies involved a mixed (male and female) population 
(Fig. 5B); and of the single-sex studies, a greater number (n = 905) 
investigated females compared to males (n = 454). Data were extracted 
based on biological sex assigned at birth (male or female) and 101 
studies did not report the sex of the studied population. Although adults 
were the most studied age group, both in terms of exposure levels and 
health outcome measures (~59%, Fig. 5C & 5D), only <4% of included 
studies specifically investigated an elderly adult population. 

The majority of studies investigated the effects of exposure in 
general-risk populations (74.5%, Fig. 5E). Around 25.5% (n = 916) of 
included studies investigated a population with special risk of exposure. 
Of these, only ~21% (n = 191) conducted an analysis using a non- 
special risk comparator group. Of 3,257 observational epidemiological 
studies, cross-sectional design was the most common (n = 2,466, 
Fig. 5F), and there were considerably fewer longitudinal studies (n =
757). Of 347 experimental studies, most described skin patch tests, 
however 5 were analytical, involving experimentally controlled chem
ical exposure and inclusive of a control group. 

3.3. Plastic particle/chemical exposures measured 

3.3.1. Plastic particles/chemicals studied over time 
There were no included studies investigating the health effects of 

microplastics or nanoplastics in humans and only 9% of included articles 
investigated polymers. Of the 1,202 plastic additives and 355 polymers 
in our database (excluding sum terms), 418 plastic additives and 22 
polymers were found (measured and detected in human participants and 
analyzed against health outcome measures) in included articles (see full 
list in Excel Table B.1). PCBs were the most investigated plastic chemical 
class (>31% of articles), followed by phthalates (~24%), bisphenols 
(>20%), PFAS (~19%), and PBDEs (>9%). Around 37% of included 
articles investigated the effects of multiple chemical exposures. 

Fig. 6A shows the growing number of published articles over time, 
with 45.5% (1,629/3,587) of included articles published in the last five 
years (Jan 2017 – Jan 2022, Plastic Health Map). Fig. 6B-D compares the 
trend of publications per year on three groups of restricted/banned 
chemicals to publications on their substitutes, e.g., Fig. 6C comparing 
phthalates and “phthalate substitutes” (structurally similar chemicals, 
inclusive of bis(7-methyloctyl) cyclohexane-1,2-dicarboxylate (DINCH), 
terephthalates, trimellitates and iso-phthalates). Significant bodies of 
research on the potential health effects of the substitutes did not start 
until several years after commencement/marked increase in their usage 
– 12 years for both OPEs and phthalate substitutes, and six years for 
bisphenol analogues. 

3.3.2. Production volumes and hazard data for included plastic additives 
On comparing our plastic additives list to Wiesinger et al., (2021) of 

the 661 additives included in both lists, no production volume data were 
available for 397 additives; 71 additives were found to not be currently 

Fig. 2. Screenshot of the “Overview” tab of the Plastic Health Map. All plots can be filtered using the data items on the left and viewed in “Dashboard” view. 
Based on applied filters, the bibliographical details of the associated articles can be viewed and downloaded as a CSV file from the “References” view. 
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produced or production data were claimed as confidential (production 
volume ≤ 0); and while 193 of our included additives are known to be 
currently produced, we found only 63 of these in included articles. In 
relation to hazard, no data were available for 512 of the 661 included 
additives in both lists; and while 149 additives have been identified as 
having medium to high level of hazard concern, only 114 of these have 
been investigated in included articles. 

3.4. Health outcomes evaluated in relation to plastic exposures 

Across all the studies identified in this SEM, there was at least one 
outcome evaluated within each of the 20 ICD system-specific categories. 
Over 90% of health outcomes reported in included articles fell within 11 
of the 21 health categories used in this SEM (see “Overview” tab of the 

Plastic Health Map: “Endocrine, nutritional, or metabolic” through to 
“Respiratory system”). The intersections that have been investigated 
between categories of health outcome measures and classes of plastic 
chemicals can be visualized in the interactive database. 

For these intersections between health outcome measures and ex
posures, we were particularly interested in articles examining the effects 
of general exposure. In Fig. 7, we focus on studies evaluating health 
effects of plastic chemical exposure in general-risk populations and have 
excluded 1) experimental studies, 2) studies involving special risk of 
exposure due to occupation or ingestion/poisoning events and 3) case 
studies and case series as no analysis was performed between exposure 
and health outcome measures. Overall, “Endocrine, nutritional, or 
metabolic” disorders were the most studied (1,122/2,664), with a focus 
on the effects of plastic chemicals on thyroid disorders, overweight or 

Fig. 3. PRISMA flowchart of records identification, screening, and selection process.  
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obesity, glucose homeostasis (e.g., diabetes) and gonadal hormones (e. 
g., testosterone/estrogen levels). Sub-categories of health outcome 
measures can be viewed in the “Heatmap Health” tab of the Plastic 
Health Map. Excel Table F.2 can also be used to find and filter specific 
health outcome measures extracted from individual studies. 

In the articles excluded from Fig. 7, the most frequently studied 
plastic types were polymers (n = 322), followed by PCBs (n = 130), 
bisphenols (n = 59) and phthalates (n = 40). Polymers were almost 
exclusively studied for their potential health impact on the skin (319/ 
322; ICD 14 – Disorders of the skin; with these studies mostly being skin 
patch tests, excluded from Fig. 7 as experimental studies), while a wide 
distribution of health outcome measures was studied in association with 
PCBs exposure following ingestion/poisoning events or occupational 
exposure. These intersections can be explored in the interactive 
database. 

4. Discussion 

This SEM collates data from 3,587 articles published from Jan 1960 
to Jan 2022 describing primary human research where the concentra
tion of plastic particles (micro and nanoplastics) and plastic-associated 
chemicals (polymers, plasticizers, flame retardants, bisphenols and/or 
PFAS) was directly measured in human participants, and a human health 
outcome measured. We have collected and categorized these articles in 
an interactive database, the Plastic Health Map, that can be filtered by 
year of publication, plastic chemical (class or specific chemical/ 
congener), category of health outcome measure, study design, popula
tion type, age group at exposure and health assessments, special risk of 
exposure status, and country of population. We have identified several 

important broad research gaps in the existing literature and discuss 
some examples in relation to future directions for research and impli
cations for chemical regulation below. 

4.1. Population and study characteristics 

4.1.1. Country of investigated population and lack of social equity 
The results of our SEM have highlighted a discrepancy in available 

health outcome data according to the socioeconomic status of different 
countries. Investigations into the effects of plastic-associated chemical 
exposure on human health outcomes have predominantly been con
ducted in populations from high-income countries (Fig. 4C), where 
waste management is generally well-regulated and of a high standard 
(Kaza et al., 2018). For example, the USA is the most studied population 
(1,117/3,587, 31%) in this SEM and similar findings were reported in a 
SEM on health studies on PFAS (192/505, 38%) (Pelch et al., 2022) and 
several scoping reviews, including neurodevelopmental toxicity of OPEs 
(6/9, 67%) (Zhao et al., 2022), birth and pregnancy outcomes of OPE 
exposure (5/8, 62.5%) (Gan et al., 2023), PFAS and cancer (~15/28, 
~54%) (Steenland and Winquist, 2021), and metabolomic effects of 
PFAS (6/11, 55%) (Guo et al., 2022). 

In contrast, relatively few studies have been conducted to date within 
populations originating from low- and middle-income countries, where 
risk of exposure to plastic-associated chemicals is thought to be higher 
than in developed nations due to a combination of increasing plastic 
production and consumption rates (Kaza et al., 2018; Lebreton and 
Andrady, 2019; Liang et al., 2021), mismanaged waste disposal, recy
cling and treatment practices, and waste import from other countries 
(Barnes, 2019; Kaza et al., 2018). For example, our SEM did not identify 

Fig. 4. Distribution of included articles by country of studied population. (A) Heatmap demonstrating the geographical locations and number of included 
articles investigating those populations on a world map. (B) The top 15 countries whose population were most studied. (C) The distribution of articles based on the 
economic status of the studied population as per the 2022 classification by the World Bank. Note that one article can include populations from more than one country. 
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any studies on populations from middle-income countries such as Sri 
Lanka, Vanuatu, Guyana, Maldives, Tonga, Comoros, Fiji, and Marshall 
Islands, all eight of which have been classified amongst the top 10 
producers of mismanaged plastic waste per person per day as litter or 
otherwise inadequately disposed (Barnes, 2019). 

With the amount of waste generated in low-income countries ex
pected to increase more than threefold by 2050 (Kaza et al., 2018), 
biomonitoring of plastic-associated chemical exposure in the world’s 
most vulnerable populations, and investigations into potential health 
impacts, are urgently required. Implementation and support of initia
tives that help build and foster greater research capacity can help 
overcome barriers that have traditionally precluded and/or hindered the 
ability to conduct research in developing nations (Beran et al., 2017; 
Franzen et al., 2017; McKee et al., 2012). We suggest that the producers 

of plastic have a responsibility to contribute much needed funding for 
these initiatives, particularly in low-income countries that can least 
afford biomonitoring and longitudinal health studies, but are most 
heavily impacted by the effects of plastic pollution. 

4.1.2. Parental exposure to plastic-associated chemicals and health 
outcomes in offspring 

This SEM identified 1,023/3,587 studies that assessed the effects of 
maternal plastic-associated chemical exposure on the offspring. The full 
reference details and intersections of categories of health outcome 
measures and exposures for these articles can be obtained from the 
Plastic Health Map using “mother–child pairs” filter as the population 
type. These studies, along with the broader in vitro and animal literature, 
have demonstrated that many plastic-associated chemicals, such as 

Fig. 5. Bar graph showing population demographics (A-E) and number of articles with each study design (F). E shows whether the studied population had a 
special risk of exposure, that is, if the article indicated the population had a potentially increased risk of exposure associated with an ingestion/poisoning event (e.g., 
rice bran oil mass poisoning events in Yusho/Yucheng population), occupation (e.g., working in a plastic production factory), or other factors such as residence in a 
high-risk environment (e.g., living near e-waste recycling sites). 
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PCBs, phthalates, BPA and PBDE, have the capacity to disrupt human 
endocrine systems (Kahn et al., 2020), even at low doses (Vandenberg 
et al., 2012). 

In line with the Developmental Origins of Health and Disease theory 
(Barker, 2007; Barker, 2004), early life exposures to chemicals in utero 
and during infancy have the potential to cause permanent anatomical, 
physiological, metabolic, and genetic changes to the body that can affect 
health outcomes later in life (Heindel and Vandenberg, 2015). The fetus 
can be affected both by perturbation of insulin, glucocorticoid, estro
genic, and thyroid pathways in the mother, and more directly via 
transplacental transfer of plastic-associated chemicals. The potential 

health impacts of exposure to plastic-associated chemicals are particu
larly concerning at this early developmental stage of fetal hormone 
production, tissue development, and epigenetic programming (Heindel 
and Vandenberg, 2015). Moreover, certain plastic-associated chemicals, 
including PCBs, BPA, PFAS and PBDE, transfer to the mother’s milk 
(Lehmann et al., 2018; Mendonca et al., 2014), extending early life 
parental exposure to another critical developmental window in the 
neonatal and infancy period (Hoffman et al., 2021). To evaluate the 
long-term health effects of maternal chemical exposure on offspring, 
more longitudinal epidemiological studies (only 396 found out of 1,023) 
are needed to track the effects of early exposure over time. 

Fig. 6. Trend of the number of articles published per year for major plastic chemical classes. (A) The trend in the number of included articles published per 
year from Jan 1960 to Dec 2021. The cumulative total number of articles on the effects of each chemical class is shown in brackets in the legend. (B)-(D) The trend in 
the number of included articles published per year on chemical groups and their substitutes from Jan 1990 to Dec 2021, with the cumulative total number of articles 
in brackets in the legend. Full line indicates first regulation of the old chemical (1998 for PBDE, 1999 for several traditional phthalates, 2008 for BPA), dashed line 
indicates when substitution with the alternative(s) was reflected in commencement/marked increase in its usage (2004 for OPEs, 2002 for DINCH, 2011 for BPS), 
dotted line indicates the start of significant body of research on the potential health effects of the alternative(s) (2016 for OPEs, 2014 for alternative plasticizers, 2017 
for bisphenol analogues). PFAS, perfluoroalkyl and polyfluoroalkyl substances; PBBs, polybrominated biphenyls; OPEs, organophosphate esters; PBDEs, poly
brominated diphenyl ethers; PCBs, polychlorinated biphenyls; BPA, bisphenol A; DINCH, bis(7-methyloctyl) cyclohexane-1,2-dicarboxylate; BPS, bisphenol S. 
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Fig. 7. Intersection between plastic chemical classes and categories of health outcome measures investigated in included articles studying the health 
effects of plastic chemical exposure in general-risk populations. (A) Heatmap showing number of articles by plastic chemical classes and categories of health 
outcome measures. Numbers within each cell indicate the number of included articles for a given chemical class and health outcome category intersection. Empty 
cells indicate no articles. Articles may appear in more than one column or row if exposure has been measured in multiple chemical classes and/or health outcomes 
have been investigated in multiple categories. (B) Total number of articles on each health outcome category. (C) Total number of articles on each plastic chemical 
class. PCBs, polychlorinated biphenyls; PFAS, perfluoroalkyl and polyfluoroalkyl substances; PBDEs, polybrominated diphenyl ethers; PBBs, polybrominated bi
phenyls; OPEs, organophosphate esters. 
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Research into the potential effects of paternal exposure on the health 
of offspring is significantly lacking, only 13/3,587 studies were found 
that investigated both mother and father exposure and health impacts 
on the child, and no studies looking at paternal exposure alone. Both 
maternal (Guerrero-Bosagna and Skinner, 2012; Manikkam et al., 2012; 
Manikkam et al., 2013; Robaire et al., 2022; Thorson et al., 2021; 
Wolstenholme et al., 2012) and paternal exposure (Pembrey et al., 2006; 
Singh and Li, 2012; Van Cauwenbergh et al., 2020) studies are essential 
to investigate effects in generation one as well as any potential trans- 
generational transmission of effects of plastic-associated chemical 
exposure via germ line changes. 

4.1.3. Exposure impacting the health of older populations 
This SEM identified only 127/3,587 articles specifically investigating 

older adults. The global population of older adults is growing, with a 
corresponding increase in burden of disease (GBD 2019 Ageing Col
laborators, 2019). Elderly populations are expected to be especially 
vulnerable to environmental exposures due to changes in cellular 
function resulting in an impaired ability to maintain physiological ho
meostasis, which can be further complicated by underlying disease, 
medications, and poor nutritional status (Geller and Zenick, 2005). In 
addition, older adults have an entire lifetime of lifestyle factors and 
cumulative environmental chemical exposures that may affect disease 
predisposition (Misra, 2020). Given the higher expected vulnerability of 
older individuals, future studies investigating the effects of plastic- 
associated chemical exposure on health outcomes should separately 
examine older populations instead of adding age as a covariate in 
analyses. 

4.2. Plastic-associated particle and chemical exposure 

4.2.1. No relevant articles on potential health effects of micro and/or 
nanoplastics 

Microplastics (1–5000 µm in size) (Rahman et al., 2021; Thompson 
et al., 2004) and nanoplastics (<1 µm in size) (Gigault et al., 2018; 
Gigault et al., 2021) are ubiquitously present in the environment, 
whether it is in the air (Dris et al., 2016; Liao et al., 2021; Wesch et al., 
2017), soil (Scheurer and Bigalke, 2018), water supplies (Danopoulos 
et al., 2020; Pivokonsky et al., 2018), or food products (Danopoulos 
et al., 2020; Danopoulos et al., 2020; Oliveri Conti et al., 2020; Shruti 
et al., 2020). As a result, human exposure to these particles is un
avoidable, and micro and nanoplastics have been reported as detected in 
human lung tissue due to exposure via inhalation (Amato-Lourenço 
et al., 2021; Jenner et al., 2022; Pauly et al., 1998), and in colonic 
mucosa (Ibrahim et al., 2021) and stool (Schwabl et al., 2019; Wibowo 
et al., 2021; Zhang et al., 2021) due to exposure via ingestion, as well as 
in human blood (Leslie et al., 2022), liver (Horvatits et al., 2022), spleen 
(Horvatits et al., 2022), placenta (Braun et al., 2021; Ragusa et al., 2021) 
and testis and semen (Zhao et al., 2023). The extent to which exposure to 
micro and nanoplastics affect human health is still unclear and several 
projects have recently emerged attempting to study human health im
pacts of micro and nanoplastics (CUSP cluster, 2021; Momentum, 2023; 
Plastics Europe, 2023; University of Queensland, 2023). One study has 
reported a correlation between the concentration of microplastics in the 
feces of patients with inflammatory bowel disease severity, although the 
cause-and-effect relationship between microplastics and inflammatory 
bowel disease is unclear (Yan et al., 2022). 

In this SEM, there are no articles on micro and/or nanoplastics that 
fulfilled our inclusion criteria. Similarly, no human epidemiological 
health studies were found on microplastics in the ToMEx database 
(Thornton Hampton et al., 2022) or in a rapid review protocol (Cooper 
et al., 2022). The limited number of studies on the potential human 
health effects of micro and/or nanoplastics meeting our inclusion 
criteria may be because the methods for detecting, classifying, and 
quantifying micro and nanoplastics remain in early stages of develop
ment (CUSP cluster, 2021). There is a lack of a standardized method for 

quantifying exposure in human bio-samples/tissues, including fully 
managing risk of sample contamination (Skåre et al., 2019). 

There are increasing numbers of animal and in vitro studies investi
gating the potential health impacts of micro and nanoplastics and the 
mechanisms underlying its toxicity (Blackburn and Green, 2022; Prata 
et al., 2020; Rahman et al., 2021; Sripada et al., 2022; WHO, 2022; Yong 
et al., 2020). For example, experimental exposure to micro and nano
plastics have been shown to exhibit cytotoxic effects in vitro by 
increasing reactive oxygen species generation in human gut (Huang 
et al., 2021) and lung cells (Dong et al., 2020; Paget et al., 2015; 
Ruenraroengsak and Tetley, 2015; Yang et al., 2021), and by increasing 
pro-inflammatory markers in human lung epithelial cells (Ruenrar
oengsak and Tetley, 2015; Xu et al., 2019). In vivo animal studies have 
also shown a range of health impacts associated with micro and nano
plastic exposure including evidence of pulmonary toxicity in rats (Xu 
et al., 2004), metabolic disorder in the offspring of exposed mice (Luo 
et al., 2019), and disturbed energy and lipid metabolism (Deng et al., 
2017), neurotoxicity (Deng et al., 2017), and gut microbiota dysbiosis 
(Lu et al., 2018; Li et al., 2020) in mice. Human studies from occupa
tional settings with high levels of exposure to microplastics, such as 
synthetic textile production sites, have shown an increase in respiratory 
symptoms (Atis et al., 2005; Kremer et al., 1994; Turcotte et al., 2013) 
and stomach and esophageal cancers (Gallagher et al., 2015). Given this 
evidence of toxicity and the inevitable exposure of humans to micro
plastics (WHO, 2022), there is an urgent need to prioritize the devel
opment of new measurement techniques to drive the assessment of 
potential human health risks associated with day-to-day/general expo
sure to microplastics. 

4.2.2. Few plastic-associated chemicals have been studied for potential 
health effects 

This SEM found relevant studies investigating potential human 
health effects of only 440/1,557 (excluding sum terms) plastic- 
associated chemicals included in our database. PCBs were the most 
investigated plastic chemical class (1,140/3,587 of articles), with the 
majority of studies focused on endocrine, nutritional and metabolic 
health outcomes, as reported by a recent SEM of studies on non-cancer 
health effects of PCBs (Carlson et al., 2023). Despite our comprehensive 
search strategy, no relevant studies were found for more than 70% of the 
plastic-associated chemicals in our chemical database. We anticipated 
there may be gaps in the literature in terms of the chemicals studied, 
which may in part be attributed to low production volumes (10–200 t/ 
year for 33 included plastic additives) or uncertainty around whether 
they are currently in use (no production volume data found for 949 
included plastic additives, see Excel Table B.1). However, of the 784 
searched plastic additives with no relevant human health research, 26 
are produced at ≥1000 t/year and have been identified as being of 
medium to high level of hazard concern, and an additional 81 have a 
high production volumes and no hazard classification (Wiesinger et al., 
2021). For example, we did not find any relevant study, nor hazard 
classification, for the phthalate substitute tris(2-ethylhexyl) benzene- 
1,2,4-tricarboxylate (a trimellitate plasticizer), despite its estimated 
global annual production volume increasing more than two-fold from 
40,000–100,000 t in 2002 (OECD, 2002) to 200,000 t in 2019 (Wie
singer et al., 2021), the availability of techniques for measuring expo
sure through metabolites in urine (OECD, 2002), its metabolites being 
present at detectable levels in the urine of children and adolescents 
(Murawski et al., 2021), and existing toxicological evidence of hema
tology effects and changes in liver and spleen function and weight in 
animal studies (AICIS, 2022). 

The PFAS chemical class undoubtedly has the largest number of 
chemicals unstudied in relation to health. There are many thousands of 
PFAS in existence globally; 14,735 are listed by the United States 
Environmental Protection Agency (US EPA, 2022). Of the 197 PFAS in 
our database, we found that only ~24% were investigated in included 
articles, and data pertaining to these 47 PFAS can be explored in the 
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Plastic Health Map. Perfluorooctanoic acid (PFOA), perfluorooctane 
sulfonic acid (PFOS), perfluorohexanesulfonic acid (PFHxS), per
fluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), and per
fluoroundecanoic acid (PFUnDA) were the most studied PFAS (>200 
articles on each), with recent SEMs reporting similar findings – PFOA 
and PFOS most studied in Zhang et al., 2023; PFHxS, PFNA, PFDA and 
PFUnDA most studied in Pelch et al., 2022 (PFOA and PFOS excluded) 
and PFUnDA most studied in Carlson et al., 2022 (well-studied PFAS, 
including PFOA and PFOS, excluded). Our SEM demonstrates that a 
wide range of human health outcomes have been studied in relation to 
included PFAS, however similar to the findings from Pelch et al., 2022 
and Carlson et al., 2022, most studies measured outcomes in categories 
equivalent to the ICD-11 category ‘Endocrine, Nutritional, Metabolic.’ 
Of the remaining 150 PFAS in our SEM that appear not to have been 
investigated in relation to human health, 59 are known to be produced 
at ≥1000 t/year, out of which 33 are used in food contact materials, but 
only three have hazard classifications. There is an urgent need to pri
oritize high-production plastic-associated chemicals in biomonitoring 
and human health safety assessments, along with chemicals demon
strated to be persistent, bioaccumulative and/or toxic. 

4.2.3. Multiple exposures and mixture toxicity of plastic-associated 
chemicals 

Chemical risk assessments are traditionally performed at an indi
vidual chemical level (Groh et al., 2019; Quiros-Alcala and Barr, 2023). 
While this SEM has revealed that the effects of multiple plastic- 
associated chemicals within the same class are increasingly being 
examined (2,161/3,587), we found that only 646/3,587 articles 
measured plastic-associated chemicals from more than one included 
class and 720/3,587 articles measured plastic-associated chemicals from 
one included class in addition to non-included chemicals such as dioxins 
and DDT (dichloro-diphenyl-trichloroethane). However, plastics are 
composed of a wide variety of chemicals, and in realistic conditions and 
everyday exposure scenarios, humans are exposed to multiple chemicals 
concurrently (Wang et al., 2021; Zimmermann et al., 2021). As there is 
limited knowledge on whether these chemicals (and/or their metabo
lites) work synergistically, antagonistically, or independently across the 
various biological pathways that lead to adverse human health impacts 
(Quiros-Alcala and Barr, 2023; Sonavane and Gassman, 2019), regu
lating these chemicals based on individual thresholds does not neces
sarily protect against combination effects and mixture toxicity of 
multiple plastic-associated chemicals (Andreas and Michael, 2018; 
Quiros-Alcala and Barr, 2023; Savitz and Hattersley, 2023). It is neces
sary to carry out research that will inform regulatory policy and tackle 
plastic chemical exposure problems based on mixture toxicity informa
tion, especially on mixtures of chemicals most likely to co-occur in and 
leach from commonly used plastic products (Quiros-Alcala and Barr, 
2023; Savitz and Hattersley, 2023). For these reasons, we agree with 
recommendations to encourage studies that investigate the effects of 
multiple exposures (Caporale et al., 2022; Muncke, 2021; Lioy et al., 
2015; Lioy and Rappaport, 2011; Savitz and Hattersley, 2023). 

4.3. Human health concerns in relation to regulation of plastic-associated 
chemicals and regrettable substitutions 

As the production of plastic additives has proliferated, regulation 
and regulators have struggled to keep pace with the quantity of new 
chemicals and the complexity of determining their potential health 
impacts (Sachs, 2011). Globally, regulation of chemicals generally as
sumes safety until proven otherwise (Silbergeld et al., 2015), with no 
systematic process of post-market human health monitoring (Maffini 
et al., 2021). Where evidence of harm has emerged, there have been 
some major regulatory successes, with global strategies restricting some 
toxic chemicals (Zimmermann et al., 2022) and several plastic- 
associated chemical classes captured in this SEM are being phased out 
or are under strict regulations. For example, POPs such as PCBs, PFOA, 

its salts and PFOA-related compounds (classified under “PFAS”), several 
PBDEs, hexabromobiphenyl (classified under “PBBs”), hex
abromocyclododecane (HBCDD, classified under “other flame re
tardants”), and pentachlorobenzene (PeCB, classified under “other 
flame retardants”) are listed under the Stockholm Convention for 
phasing out and eventual elimination, and the production and use of 
PFOS (classified under “PFAS”) and its derivatives are restricted 
(Stockholm Convention, 2019). 

The introduction of regulations and bans of these POPs have resulted 
in a dramatic decline in exposures in most countries (Drage et al., 2019; 
Henríquez-Hernández et al., 2021; Bjerregaard et al., 2013; Göckener 
et al., 2020). Increased regulation of some plastic-associated chemicals 
in response to emerging evidence and increased public awareness of 
health risks has led to manufacturers introducing new substitutes to the 
market. Only comprehensive post-market human biomonitoring will 
identify if and where “regrettable substitution” (Maertens et al., 2021; 
Qadeer et al., 2022) may be occurring. For example, regulation of POPs 
has led to a decrease in the use of PBDE flame retardants, and a corre
sponding increase in the use of OPE flame retardants as a replacement 
(Blum et al., 2019). While OPEs were expected to be less environmen
tally persistent than PBDEs because of their chemical and physical 
properties, OPEs, particularly chlorinated OPEs, are more water-soluble, 
and can persist and travel long ranges in surface waters (Zhang et al., 
2016; Rodgers et al., 2018). Therefore, while OPEs are not classified and 
regulated as POPs under the Stockholm Convention, they are “persistent 
mobile organic compounds” (Rodgers et al., 2018) and their concen
trations have reached much higher levels than PBDEs in remote Arctic 
regions and local areas (Li et al., 2017; Sühring et al., 2016; Ma et al., 
2017; Cristale et al., 2013). Even though the use of OPEs (van der Veen 
and de Boer, 2012) and human exposure to OPEs (Yang et al., 2022) is 
rising, this SEM identified only 64/3,587 relevant articles on health 
impacts of OPEs, compared to 339 articles on PBDEs. This included all 7 
articles with OPEs measured in bio-samples and neurodevelopmental 
toxicity in a 2022 systematic scoping review on this topic (Zhao, 2022) 
(plus one missed by Zhao and colleagues: Tanner et al., 2020) and all 8 
articles on OPE exposure and pregnancy/birth outcomes in a 2023 
systematic scoping review (Gan et al., 2023) (plus three missed by Gan 
and colleagues:Panagopoulos Abrahamsson et al., 2021; Varshavsky 
et al., 2021; Yang et al., 2022). In vitro and animal studies on OPEs have 
identified liver disease (Hu et al., 2023), atherosclerosis (Hu et al., 
2023), and changes in gene expression (Hu et al., 2023; Su et al., 2014) 
as potential areas of concern, however we did not find any relevant 
human studies investigating these health outcomes. 

A similar issue may be arising with plasticizer substitutes for 
phthalates. Human health concerns led to the first stages of phasing out 
traditional phthalates such as bis(2-ethylhexyl) benzene-1,2-dicarbox
ylate (DEHP) in Europe in 1999 (European Union, 2005), followed by 
further regulations on their use, including the banning of DEHP 
(Australian Competition & Consumer Commission, 2010), benzyl butyl 
phthalate (BBP), di-isononyl phthalate (DINP) and di-isodecyl phthalate 
(DIDP) in children’s toys and childcare products (European Union, 
2005; U.S. Consumer Product Safety Commission, 2017) and manufac
ture and import restrictions for DEHP and BBP by the European Union 
(European Union, 2011). 

Since the introduction of regulation of phthalates, manufacturers 
have introduced new phthalate substitutes to the market. However, this 
SEM found no relevant articles investigating the potential health effects 
of 19 of the 21 included phthalate substitutes (DINCH, isophthalate 
dimethyl benzene-1,3-dicarboxylate, 15 trimellitates and four tere
phthalates), and only n = 28 and n = 18 included articles were found on 
DINCH and terephthalate bis(2-ethylhexyl) benzene-1,4-dicarboxylate 
(DEHTP) respectively, compared to n = 870 on traditional phthalates. 
Both DINCH and DEHTP are used in building and construction, chil
dren’s toys, medical items, packaging and food contact materials 
(Wiesinger et al., 2021) and increasing levels of their metabolites are 
being detected in human bio-samples (Frederiksen et al., 2020; Kasper- 
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Sonnenberg et al., 2019; Lessmann et al., 2019; Silva et al., 2019; Silva 
et al., 2013). Recent studies have reported a 100% detection rate of 
DINCH and DEHTP metabolites in the urine of children and adolescents, 
with their levels exceeding the human biomonitoring value 1 (HBM-I) 
(HBM Commission, 2014) in some children (Lee et al., 2021; Lemke 
et al., 2021; Schwedler et al., 2020; Schwedler et al., 2020). While young 
children have been shown to have considerably higher body burden of 
DINCH and DEHTP compared to adolescents and adults (Lee et al., 2021; 
Schwedler et al., 2020; Schwedler et al., 2020), only three articles in this 
SEM investigated the effects of DINCH on the health of children, and an 
additional three articles were found on the potential health impacts of 
DEHTP in children. Additionally, in vitro and animal studies have shown 
several potential health impacts associated with DINCH and DEHTP and 
their metabolites, including cytotoxicity (Eljezi et al., 2017), steroido
genesis disruption (Boisvert et al., 2016; Campioli et al., 2017; Moche 
et al., 2021), and kidney toxicity (Ball et al., 2012; National Center for 
Biotechnology Information, 2022; Vasconcelos et al., 2019). 

Comparably, a potential “regrettable substitution” trend is arising 
with increasing regulation of BPA. While the use of BPA in food contact 
materials is still permitted, stricter regulations have recently been 
introduced. BPA has been banned in baby feeding bottles and sippy cups 
since 2008 in Canada (Simoneau et al., 2011) and 2011 in Europe 
(European Union, 2011; Food and Drug Administration, 2012), and its 
limit in food contact materials was lowered from 0.6 to 0.05 mg/kg food 
in 2018 (European Union, 2018). More recently, the European Food 
Safety Authority re-evaluated the risks to public health from the pres
ence of BPA in foodstuffs and in light of new scientific evidence (EFSA 
Panel on Food Contact Materials, 2023), significantly lowered the 
tolerable daily intake of BPA from 4 µg/kg body weight/day (assessed in 
2015) to 0.2 ng/kg body weight/day in April 2023 (EFSA, 2023). 

Epidemiological research and public awareness about the health 
effects of BPA have led many manufacturers to switch to alternatives 
such as bisphenol S (BPS) and bisphenol F (BPF) (Chen et al., 2016). 
Given that these bisphenol analogues have very similar chemical 
structures to BPA and similar affinity to cellular receptors, they may 
have similar health effects (Moon, 2019; Pelch et al., 2019; Rochester 
and Bolden, 2015). However, in this SEM the vast majority of research 
on the health effects of bisphenols conducted to date have included BPA 
(713/734) while only 104 relevant articles were found on BPS, 88 on 
BPF, 14 on bisphenol AF (BPAF) and 54 on other bisphenols (Heatmap 
Chemicals tab in the Plastic Health Map). Similarly, Pelch et al., 2019 
reported that the most frequently studied BPA analogues in human 
epidemiological studies were BPS, BPF, and BPAF, with only 16, 15 and 
6 articles published on the respective analogues until January 2019. The 
low number of studies on these analogues is of particular concern as 
increasing exposure levels are being detected in the general population 
(Gys et al., 2020; Liao et al., 2012). 

Human health research into phthalate substitutes (Lemke et al., 
2021), OPEs (Blum et al., 2019), bisphenol analogues (Rochester and 
Bolden, 2015; Usman and Ahmad, 2016), and other alternative plastic 
additives that have been, or will be, introduced should be prioritized and 
considered by chemical regulators to ensure that “regrettable substitu
tion” is not occurring, particularly where substitutes are within the same 
chemical class as the chemical of concern or structurally similar (Qadeer 
et al., 2022). A paradigm shift is required whereby well-studied chem
icals are used within their safety limits and new chemicals are required 
to undergo rigorous testing for safety before being introduced in con
sumer products, with ongoing biomonitoring in each case. 

4.4. Challenges and limitations 

The findings of this SEM should be considered in the light of some 
limitations. Due to limited resources as well as the large number of 
studies identified by our searches and at the data extraction stage, there 

were some practical limitations in the scope of the SEM and the depth of 
detail that could be extracted at this scale. With respect to limiting the 
literature searches, only Medline and Embase databases were used for 
the searches, backward and forward citation searches were not con
ducted, and this SEM does not include grey literature. However, exer
cises including 1) comparison of the studies included in this SEM with 
previous SEMs and scoping reviews using additional databases for their 
searches (Section 4.0), 2) backward and forward citation searches 
(Appendix A.5.1) and 3) post hoc grey literature searches 
(Appendix A.5.2 & Excel Table C.2) revealed that only a small portion of 
relevant literature was missed by applying these limits. Because of 
limited resources for translation, only articles published/available in the 
English language were included and, although we demonstrate a broad 
geographical distribution of the data, including more languages would 
have generated additional results. 

Furthermore, health research on biomedical applications of plastic is 
not included in this SEM. This was a pragmatic decision made on the 
basis that a number of exclusion terms were incorporated into the search 
strategy to prevent retrieval of a vast number of studies unrelated to the 
effects of the plastic material itself on a health outcome, but rather, were 
designed to evaluate the effectiveness of procedures/treatments, such as 
in dentistry and for health conditions (e.g., polymers in dentistry, 
prostheses in orthopaedic surgery, and chemicals used for drug de
livery). Because we used biomedical exclusion terms in our search 
strategy, it was important to then exclude all articles on biomedical 
applications of plastic materials, rather than presenting a very incom
plete data set on biomedical exposures. Therefore, this SEM does not 
include articles about the possible health impacts of plastic-associated 
chemicals and particles in health care, such as exposure to DEHP via 
intravenous lines and blood transfusion bags. We recognize the value of 
this research and have provided a list of articles excluded at level 2 full- 
text screening and data extraction stages with “Solely about biomedical 
application of the plastic substance” as one of the reasons for exclusion 
(Excel Table F.1) for those interested in investigating this important 
topic. 

With respect to the scope, firstly, this SEM does not contain several 
data items which may be of interest to users such as ethnicity and social 
status of the studied population, sample size, findings of the included 
articles (positive/negative/null associations), concentration of plastic- 
associated chemicals, and bio-sample in which exposure was measured. 

Secondly, for patch test and skin prick test studies, only included 
plastic-associated chemicals that caused a positive reaction were 
extracted due to the extensive numbers of chemicals used in patch test 
series; and for case studies/series, only the final diagnoses or test results 
outside the normal range were extracted as health outcome measures 
due to the extensive clinical tests performed in case studies/series. A 
total of 342 patch test studies and 34 case studies/series were found in 
this SEM and these studies can be easily filtered out of the results from 
the interactive database to prevent influence of the positive bias. 

Thirdly, plastic particle/chemical selection was challenging, and the 
scope of this SEM was ultimately limited to micro and nanoplastics, 
polymers, plasticizers, flame retardants, bisphenols and PFAS. Humans 
are potentially exposed to many other plastic-associated chemicals, 
including functional additives (e.g., colorants, stabilizers, fillers, and 
antioxidants) and chemicals involved in plastic manufacturing (e.g., 
other processing agents and NIAS), recycling and disposal. We focused 
on chemicals to which people are likely to be exposed to via end-product 
plastic materials, however a knowledge bias was introduced into the 
study by limiting (by function) the additives included, by including 
bisphenols and no other monomers, and by including PFAS. These lim
itations were applied due to practical considerations in terms of time 
and resources, and because it was important to include in the SEM 
chemicals/chemical classes associated with increasing concerns in 
relation to their widespread occurrence and potential human health 
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impacts. There is potential for future expansion of our SEM to include 
other classes of plastic-associated chemicals. 

4.5. Conclusion 

While the term “plastic crisis” has largely been used to refer to the 
harmful environmental impacts of plastic pollution, there is increasing 
concern about the potential health impacts of human exposure to plastic 
particles and plastic-associated chemicals (Center for International 
Environmental Law, 2019; Geneva Environment Network, 2022; 
Symeonides et al., 2021). Epidemiological research about the human 
health effects of plastic-associated chemical exposure has greatly 
increased over time, with more than 45% of 3,587 included articles 
published in the last five years. Our interactive Plastic Health Map 
(https://osf.io/fhw7d) and our raw extracted data (Excel Table F.2) 
present a wealth of information in a user-friendly manner to facilitate 
scientific, regulatory and individual access to published peer-reviewed 
literature. The tabs on the Plastic Health Map allow for studies on spe
cific health outcome categories to be easily compared across different 
plastic-associated chemical classes and vice versa. Additionally, we have 
provided our data extraction codebook (Excel Table E.2) and codes for 
the interactive database publicly (on GitHub), which will enable this 
SEM to be updated with newly published research and additional 
plastic-associated chemicals or creation of new SEMs. We have also 
provided our comprehensive and searchable databases of included 
plastic-associated chemicals and human health outcomes as additional 
tabs to the Plastic Health Map and in excel format. 

This SEM can be utilized for identification of data clusters that can be 
used to drive future systematic reviews. The interactive database can be 
filtered based on the specific research question to identify articles on a 
particular plastic-associated chemical class (and individual chemical in 
separate tab), ICD category (and health outcome measure sub-category 
in separate tab), year of publication, study design, population type, age 
group at exposure and health assessments, special risk of exposure status 
and country of investigated population. The respective reference list can 
be viewed/downloaded based on selected filters. Details about extracted 
data from each article can then be acquired from Excel Table F.2. 

This SEM can also be used to identify research gaps to inform future 
study and project design. We have discussed several broad research gaps 
that require urgent consideration. Of particular concern are the social 
inequity due to limited investigation of populations from low-income 
countries with high levels of mismanaged waste, the lack of epidemio
logical research on micro and nanoplastics, no health studies for plastic- 
associated chemicals in active production with known hazard concern, 
and limited studies of substitution chemicals introduced by manufac
turers following increased regulation of the original chemical. Users 
may find other areas of focus using the interactive database or metadata. 

Globally, regulation of chemicals generally assumes safety until 
proven otherwise (Silbergeld et al., 2015). As a result, scientists and 
regulators have not yet determined the health impacts of the thousands 
of plastic-associated chemicals currently in use. The current ad hoc risk 
assessment approach is not sufficient to protect human health, and there 
is a pressing need for a paradigm shift whereby new plastic-associated 
chemicals are rigorously tested for safety before being introduced in 
consumer products, with ongoing monitoring of human exposure levels 
and health impacts post-introduction. 
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Oliviero, F., Marmugi, A., Viguié, C., Gayrard, V., Picard-Hagen, N., Mselli-Lakhal, L., 
2022. Are BPA substitutes as obesogenic as BPA? Int. J. Mol. Sci. 23 (8), 4238. 
https://doi.org/10.3390/ijms23084238. 

Organisation for Economic Co-operation and Development (OECD). Screening Information 
Dataset (SIDS) Initial Assessment Report for SIAM 14 – Tris(2-Ethylhexyl) Benzene- 
1,2,4-Tricarboxylate.; 2002. Accessed June 2, 2022. https://hpvchemicals.oecd. 
org/ui/handler.axd?id=a0422254-4c16-49af-a880-964a686199e9. 

Paget, V., Dekali, S., Kortulewski, T., et al., 2015. Specific uptake and genotoxicity 
induced by polystyrene nanobeads with distinct surface chemistry on human lung 
epithelial cells and macrophages. PLoS One 10 (4), e0123297. 

Pagoni, A., Arvaniti, O.S., Kalantzi, O.I., 2022. Exposure to phthalates from personal care 
products: Urinary levels and predictors of exposure. Environ. Res. 212, 113194 
https://doi.org/10.1016/j.envres.2022.113194. 

Panagopoulos Abrahamsson, D., Wang, A., Jiang, T., et al., 2021. A comprehensive non- 
targeted analysis study of the prenatal exposome. Environ. Sci. Tech. 55 (15), 
10542–10557. https://doi.org/10.1021/acs.est.1c01010. 

Pauly, J.L., Stegmeier, S.J., Allaart, H.A., et al., 1998. Inhaled cellulosic and plastic fibers 
found in human lung tissue. Cancer Epidemiol. Biomark. Prev. Publ. Am. Assoc. 
Cancer Res. Cosponsored Am. Soc. Prev. Oncol. 7 (5), 419–428. 

Pelch, K.E., Reade, A., Kwiatkowski, C.F., et al., 2022. The PFAS-Tox Database: A 
systematic evidence map of health studies on 29 per- and polyfluoroalkyl substances. 
Environ. Int. 167, 107408 https://doi.org/10.1016/j.envint.2022.107408. 

Pelch, K., Wignall, J.A., Goldstone, A.E., et al., 2019. A scoping review of the health and 
toxicological activity of bisphenol A (BPA) structural analogues and functional 
alternatives. Toxicology 424, 152235. https://doi.org/10.1016/j.tox.2019.06.006. 

Pembrey, M.E., Bygren, L.O., Kaati, G., et al., 2006. Sex-specific, male-line 
transgenerational responses in humans. Eur. J. Hum. Genet. EJHG 14 (2), 159–166. 
https://doi.org/10.1038/sj.ejhg.5201538. 

Peters, M.D.J., Marnie, C., Tricco, A.C., et al., 2020. Updated methodological guidance 
for the conduct of scoping reviews. JBI Evid. Synth. 18 (10), 2119–2126. https://doi. 
org/10.11124/JBIES-20-00167. 

Pivokonsky, M., Cermakova, L., Novotna, K., Peer, P., Cajthaml, T., Janda, V., 2018. 
Occurrence of microplastics in raw and treated drinking water. Sci. Total Environ. 
643, 1644–1651. https://doi.org/10.1016/j.scitotenv.2018.08.102. 

Plastics Europe. Brigid. Published 2023. Accessed May 9, 2023. https://plasticseurope. 
org/sustainability/plastics-health/microplastics/brigid/. 

Prata, J.C., da Costa, J.P., Lopes, I., Duarte, A.C., Rocha-Santos, T., 2020. Environmental 
exposure to microplastics: An overview on possible human health effects. Sci. Total 
Environ. 702, 134455 https://doi.org/10.1016/j.scitotenv.2019.134455. 

Qadeer, A., Kirsten, K.L., Ajmal, Z., Jiang, X., Zhao, X., 2022. Alternative plasticizers as 
emerging global environmental and health threat: Another regrettable substitution? 
Environ. Sci. Tech. 56 (3), 1482–1488. https://doi.org/10.1021/acs.est.1c08365. 

R Core Team. R: A language and environment for statistical computing. Published online 
2021. https://www.R-project.org/. 

Quiros-Alcala, Lesliam, Barr, D.B., 2023. Invited perspective: Mixtures—Are they worth 
the risk (assessment)? Environ Health Perspect 131 (4), 041301. https://doi.org/ 
10.1289/EHP12596. 

Radke, E.G., Braun, J.M., Nachman, R.M., Cooper, G.S., 2020. Phthalate exposure and 
neurodevelopment: A systematic review and meta-analysis of human 
epidemiological evidence. Environ. Int. 137, 105408 https://doi.org/10.1016/j. 
envint.2019.105408. 

Ragusa, A., Svelato, A., Santacroce, C., et al., 2021. Plasticenta: First evidence of 
microplastics in human placenta. Environ. Int. 146, 106274 https://doi.org/ 
10.1016/j.envint.2020.106274. 

Rahman, A., Sarkar, A., Yadav, O.P., Achari, G., Slobodnik, J., 2021. Potential human 
health risks due to environmental exposure to nano- and microplastics and 
knowledge gaps: A scoping review. Sci. Total Environ. 757, 143872 https://doi.org/ 
10.1016/j.scitotenv.2020.143872. 

Ravve, A., 2012. Principles of polymer chemistry, 3rd ed. Springer-Verlag. 
Robaire, B., Delbes, G., Head, J.A., et al., 2022. A cross-species comparative approach to 

assessing multi- and transgenerational effects of endocrine disrupting chemicals. 
Environ. Res. 204, 112063 https://doi.org/10.1016/j.envres.2021.112063. 

Rochester, J.R., Bolden, A.L., 2015. Bisphenol S and F: A systematic review and 
comparison of the hormonal activity of bisphenol A substitutes. Environ. Health 
Perspect. 123 (7), 643–650. https://doi.org/10.1289/ehp.1408989. 

Rodgers, T.F.M., Truong, J.W., Jantunen, L.M., Helm, P.A., Diamond, M.L., 2018. 
Organophosphate ester transport, fate, and emissions in Toronto, Canada, estimated 
using an updated multimedia urban model. Environ. Sci. Tech. 52 (21), 
12465–12474. https://doi.org/10.1021/acs.est.8b02576. 

RStudio Team. RStudio: Integrated Development Environment for R. Published online 
2021. http://www.rstudio.com/. 

Rudel, R.A., Camann, D.E., Spengler, J.D., Korn, L.R., Brody, J.G., 2003. Phthalates, 
alkylphenols, pesticides, polybrominated diphenyl ethers, and other endocrine- 
disrupting compounds in indoor air and dust. Environ. Sci. Tech. 37 (20), 
4543–4553. https://doi.org/10.1021/es0264596. 

Ruenraroengsak, P., Tetley, T.D., 2015. Differential bioreactivity of neutral, cationic and 
anionic polystyrene nanoparticles with cells from the human alveolar compartment: 
robust response of alveolar type 1 epithelial cells. Part. Fibre Toxicol. 12 (1), 19. 
https://doi.org/10.1186/s12989-015-0091-7. 

Sachs, N., 2011. Rescuing the strong precautionary principle from its critics. Univ. Ill. 
Law Rev. 2011, 1285. 

Salamone JC. Polymeric Materials Encyclopedia. Vol 9. CRC Press; 1996:554. https://boo 
ks.google.com.au/books?id=oYHJ-imh7rgC. 

Sariyar M, Borg A. The RecordLinkage Package: Detecting Errors in Data. R J. 2010;2(2): 
61. doi:10.32614/RJ-2010-017. 

Savitz, D.A., Hattersley, A.M., 2023. Evaluating chemical mixtures in epidemiological 
studies to inform regulatory decisions. Environ. Health Perspect. 131 (4), 045001 
https://doi.org/10.1289/EHP11899. 

Scheurer, M., Bigalke, M., 2018. Microplastics in swiss floodplain soils. Environ. Sci. 
Tech. 52 (6), 3591–3598. https://doi.org/10.1021/acs.est.7b06003. 

Schreier, V.N., Appenzeller-Herzog, C., Brüschweiler, B.J., et al., 2022. Evaluating the 
food safety and risk assessment evidence-base of polyethylene terephthalate 
oligomers: Protocol for a systematic evidence map. Environ. Int. 167, 107387 
https://doi.org/10.1016/j.envint.2022.107387. 
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