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ABSTRACT

Chronic respiratory diseases are a dealing cause of death and disability worldwide. Their prevalence is steadily
increasing and the exposure to environmental contaminants, including Flame Retardants (FRs), is being
considered as a possible risk factor. Despite the widespread and continuous exposure to FRs, the role of these
contaminants in chronic respiratory diseases is yet not clear. This study aims to systematically review the as-
sociation between the exposure to FRs and chronic respiratory diseases.

Searches were performed using the Cochrane Library, MEDLINE, EMBASE, PUBMED, SCOPUS, ISI Web of
Science (Science and Social Science Index), WHO Global Health Library and CINAHL EBSCO.

Among the initial 353 articles found, only 9 fulfilled the inclusion criteria and were included. No statistically
significant increase in the risk for chronic respiratory diseases with exposure to FRs was found and therefore
there is not enough evidence to support that FRs pose a significantly higher risk for the development or wors-
ening of respiratory diseases. However, a non-significant trend for potential hazard was found for asthma and
rhinitis/rhinoconjunctivitis, particularly considering urinary organophosphate esters (OPEs) including TNBP,
TPHP, TCEP and TCIPP congeners/compounds. Most studies showed a predominance of moderate risk of bias,
therefore the global strength of the evidence is low. The limitations of the studies here reviewed, and the po-
tential hazardous effects herein identified highlights the need for good quality large-scale cohort studies in which
biomarkers of exposure should be quantified in biological samples.

1. Introduction

worsened and their prevalence and incidence increased by the exposure
to various types of indoor and outdoor environmental contaminants

Respiratory diseases are one of the leading causes of death world- (Jiang et al., 2016; Viegi and Taborda-Barata, 2022), including flame

wide, accounting for nearly 8% of all deaths (Union, 2018; Soriano et al.,
2020). The most frequent are acute conditions, such as lower respiratory
infections, but there is also increasing prevalence and incidence of
chronic conditions, such as asthma and chronic obstructive pulmonary
disease (COPD) (Union, 2018; Soriano et al., 2020) (Soriano et al.,
2020). Chronic respiratory diseases, namely asthma and COPD, may be

* This paper has been recommended for acceptance by Eddy Y. Zeng.

retardants (FRs).

There are limited observational studies on the effect of flame re-
tardants on chronic respiratory disease, but there are many sources for
exposure in daily life, and in vivo/in vitro assays have suggested the
adverse effects on the respiratory system (Wang et al., 2020; Meng et al.,
2022; Chen et al., 2022; Montalbano et al., 2020), with recent reviews
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highlighting the cellular and physiological mechanisms of FRs toxicity
(Yan et al., 2021; Khani et al., 2023)and their contribution to oxidate
stress (Chen et al., 2023). Flame retardants are synthetic chemicals
usually applied to consumer products, such as furniture, textiles, and
electronic and electric devices, to reduce their flammability and thus
prevent the start of fire or slow down its progression (Coelho et al.,
2016a; Esplugas et al., 2022). It is a wide group of chemicals composed
of families of organic and inorganic chemicals and some of the organic
FRs (e.g., different polybrominated diphenyl ethers (PBDEs) and hex-
abromocyclododecanes (HBCDs)) have been listed as persistent organic
pollutants (POPs) by the Stockholm Convention, due to their toxicity
and persistency in the environment (Sharkey et al., 2020). Therefore,
their use was already banned or restricted, such as for the earliest flame
retardants, polychlorinated biphenyls (PCBs), banned in the U.S. in
1977. In the last decades new alternatives have been used to replace
them including organophosphate flame retardants, namely organo-
phosphate esters (OPEs). However, many of these alternative FRs also
bioaccumulate and can pose adverse effects to humans being considered
as emerging POPs, such as tris(2-chloroethyl) phosphate (TCEP)
(already banned by the European Union), tris(1,3-dichloro-2-propyl)
phosphate (TDCIPP), and tris(2-chloroisopropyl) phosphate (TCIPP)
(Lorenzo et al., 2019). Also, emerging evidence suggest a progressive
increase, over the years, in the production of some FRs such as tributyl
phosphate (TNBP), triphenyl phosphate (TPhP), TCEP and TCIPP
(Greaves et al., 2016).

Such compounds may adversely affect the environment as well as
human health, having the potential to cause or worsen acute or chronic
conditions. They may act through direct toxicity, but also as endocrine
disruptors, pro-carcinogenic or pro-inflammatory agents, and they are
known to disrupt innate and adaptive immune systems (Khani et al.,
2023; Alcock et al.). At the cellular/molecular level they are responsible
for changes in membrane integrity, DNA damage, altered gene expres-
sion, disruption of the cell cycle and cell death (Khani et al., 2023).
Humans may be exposed to FRs through several routes, including the
ingestion of food or non-dietary ingestion and inhalation of dust, soil,
and air (Coelho et al., 2016b; Li et al., 2022).

Some studies have pointed out the potential for POPs to be associated
with an increased risk of respiratory diseases, considering that inhala-
tion is one of the most relevant pathways for exposure (Gascon et al.,
2013; Park et al., 2020). However, no previous systematic reviews have
been performed to estimate the potential risk of FRs on respiratory
health.

This systematic review aimed to fulfil this important research gap by
identifying, critically appraising, and synthesizing the evidence from
studies that have investigated the association between exposure to FRs
and the onset or clinical worsening of chronic respiratory diseases.

Thus, the addressed main questions were:

1) Primary research questions: Is the exposure to FRs associated with
chronic respiratory diseases or adverse respiratory health parame-
ters? Does the exposure to FRs increase the risk of worsening clinical
outcomes in patients with established chronic respiratory diseases?

2) Secondary research questions: Do specific FRs exert differential risks
on chronic respiratory diseases or adverse respiratory health pa-
rameters? Are there specific exposure pathways to FRs associated
with the risk of chronic respiratory diseases?

2. Methods and analysis
2.1. Eligibility criteria for study selection

2.1.1. Population

We included all studies involving human individuals of any context
and age. Chronic respiratory diseases criteria for inclusion were applied
as: i) established clinical and medical diagnosis; and ii) clinical features
characterised by: a) self-report, validated questionnaires, b) symptom/
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medication scoring systems, c) objective or structural functional mea-
sures (e.g., lung function, blood tests or from other biologic sources,
imaging tests, hospitalizations, exacerbations).

2.1.2. FRs exposure

Exposure to any FRs (such as: high-molecular weight compounds -
oligomers and polymers, phosphorus, brominated, organophosphorus,
chlorinated and novel/alternative FRs) through any source (e.g., dust
and air) and their levels in biological specimens (e.g., urine and blood)
were assessed. When possible, exposure was assessed through bio-
markers such as urinary metabolites, namely: 5-HO-EHDPHP (2-ethyl-5-
hydroxyhexyl-diphenyl phosphate), BDCIPP (bis(1,3-dichloro isopro-
pyl) phosphate), DBP (2,3-dibromopropanol), and DNBP (Di-n-butyl
phosphate), or through parent compound itself such as TDCIPP/TDCP
(tris(1,3-dichloro-2-propyl) phosphate), TBOEP (tris(2-butoxyethyl)
phosphate), TCEP (tris(2-chloroethyl) phosphate), TCIPP (tris(2-chloro-
isopropyl) phosphate), TEHP (tris(2-ethylhexyl) phosphate), TNBP
(tributyl phosphate), TPhP (triphenyl phosphate), TPP (tripropyl phos-
phate), DEHP (bis (2-ethylhexyl) phthalate), and TBPH (bis-(2-ethyl-
hexyl) tetrabromophthalate).

2.1.3. Comparator

We aimed to compare FRs types, as well as different exposure
pathways, and different levels of exposure (exposed vs non-exposed or
different exposure doses).

2.1.4. Main outcomes

The main outcomes were defined according to criteria associated
with the development or worsening of chronic respiratory diseases. Most
chronic respiratory diseases were considered for inclusion, such as:
asthma, COPD, asthma/COPD overlap, interstitial lung diseases, bron-
chiectasis, cystic fibrosis, emphysema, sarcoidosis, rhinitis, rhinosinu-
sitis, etc. However, due to the paucity of studies found, only asthma,
wheezing and allergic rhinitis/rhinoconjunctivitis were addressed.

We aimed to analyse all the variables that are associated with disease
onset, clinical control (i.e. symptoms, quality of life) and disease
severity, assessed in accordance with national/international guidelines
and/or based on pre-defined criteria (e.g. exacerbations, hospitaliza-
tions or emergency department visits in the previous year, need for
increased therapy in the previous year, use of rescue medication,
symptoms scores and other control questionnaires), questionnaires on
quality of life and any other outcome indicating clinical control,
including lung function parameters (such as: forced expiratory volumes,
forced vital capacity, peak expiratory flow), imaging features, or
markers related to inflammatory parameters.

2.1.5. Types of studies included

We included all types of observational study designs including pro-
spective and retrospective cohort, nested case-control, case control and
cross-sectional studies.

We did not include non-human studies, narrative reviews, editorials,
correspondence and/or letters, case reports/series or ecological studies.

2.1.6. Search strategy

We searched the Cochrane Library, MEDLINE, PUBMED, EMBASE,
SCOPUS, ISI Web of Science (Science and Social Science Index), WHO
Global Health Library and CINAHL EBSCO, to reach regular and grey
literature. We included studies published from the inception of the da-
tabases up to February 2022. Search terms are detailed in “Appendix 1 -
Search Strategy”. We reviewed the bibliographies of all eligible studies
in order to identify additional literature, and the search strategy was
reconducted in April 2023 for inclusion of additional and recent pub-
lished studies, before submission for publication. No language re-
strictions were imposed; however, no translations were necessary,
considering that all studies were published in English.
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2.1.7. Data extraction and selection process

Titles and abstracts of included papers were independently checked
by two investigators (TM and SDC). The full texts of all potentially
eligible studies were retrieved and independently assessed according to
the inclusion criteria (see above) by two reviewers (TM and SDC). The
reviewers decided which of the studies fitted the inclusion criteria: any
disagreements were resolved by consensus, with a third reviewer arbi-
trating unresolved discrepancies (ACAS).

Data from included articles were collected from their original pre-
sentation to a proper form made in Microsoft Excel© software, with each
study identified by a reference code. It was not necessary to collect in-
direct data from figures and charts, neither to contact additional authors
of original articles for further information and data.

2.1.8. Data collected

For the articles selected we extracted the following information:
Study design, number of participants and their sociodemographic
characteristics, country of study, year of publication, follow-up (in
cohort studies), imaging and/or lung function features, types of FRs,
exposure pathway, exposure load, disease diagnosis criteria and types of
outcomes.

Some features were not reported in any study, such as: time-related
phenotypes (e.g., early onset; late onset), clinical phenotypes (e.g.,
frequent exacerbator, mild/severe disease degree) and inflammatory
markers (e.g., eosinophilic, neutrophilic, etc.).

2.1.9. Risk of bias (quality) assessment

Risk of bias assessment were independently undertaken by two
different reviewers (TM and SDC), using an adaptation of the GRADE
quality assessment tool (Oxford Centre for Triple Value Healthcare Ltd,
2018; Morgan et al., 2019). Several components of each study were
appraised, including confounding, selection, measurement of exposure,
departures from exposure, missing data, measurement of outcomes and
reported results. For each study, each individual component was eval-
uated and assigned with a category of risk of bias: low, moderate, severe,
and critical. The global study grading was accessed by the average and
relative weight of all individual components. All disagreements were
resolved by consensus and arbitrated by a third reviewer (ACAS). Risk of
publication bias was examined using forest plots. The subdomain
“confounding” was accessed in a more detailed approach, by developing
a confounder matrix assessment tool (Petersen et al., 2022). For that, a
causal diagram was developed in order to identify potential confounder
variables, and those were gathered in different core sets composing six
confounding constructs, namely: sociodemographic and biological fea-
tures (gender and age; body mass index; physical activity; renal func-
tion; baseline characteristics), housing characteristics
(dampness/mildew, ventilation, particulate matter, type of mattress and
kitchenware), socioeconomic features (income, education), history of
allergy/atopy (parental or child) and tobacco or smoking exposure.
Detailed evaluation is available in supplementary Appendix S3 —
“Quality Assessment of included studies™.

2.1.10. Data synthesis

We produced a narrative and descriptive synthesis of the data using
raw values, and crude or adjusted estimates of effect (such as: odds ra-
tios, risk ratios (RR), incidence rate ratios, hazard ratios, mean differ-
ences, etc.).

For studies with reasonable clinical and methodological homogene-
ity, and if the association between the exposure (regardless of the
pathway) and the outcomes were reported in a quantitative manner, we
performed meta-analyses using random-effects models. We performed
analysis regarding estimations for specific groups and congeners/com-
pounds of FRs or their metabolites (if two or more studies reported
them), as well as for FRs full mixtures, either using the values reported
by original studies or by performing additional mean estimations within
each study (using the reported individual groups and congeners/
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compounds of FRs). In the meta-analysis, estimates from studies not
presented as RR, were converted to RR using the formulae provided by
VanderWeele et al. (VanderWeele and Ding, 2017), to seek
meta-analytical standardisation and coherence.

We quantified the heterogeneity between studies using the I? sta-
tistic. The meta-analyses were performed using Cochrane Review
Manager Software®© (available at http://community.cochrane.org). The
PRISMA checklist was followed for reporting of the systematic review
(Page et al., 2021).

Sub-group analysis was performed according to sample size, partic-
ipants mean age, exposure pathways, sub-types of FRs and types of
outcome measures.

3. Results
3.1. Description of studies

The search yielded 353 articles, and, after elimination of duplicates,
252 remained. From these articles, 235 were excluded after reading title
and/or abstract. Thus, 19 studies were obtained, from which, 10 were
excluded after reading the full text. The reasons for exclusion are
described in Fig. 1.

Of the 9 eligible and unique studies, 6 were cross-sectional (Meng
et al., 2016a; Meng et al., 2016b; Araki et al., 2014; Araki et al., 2018;
Ait Bamai et al., 2018) and 3 were cohort studies (Canbaz et al., 2016;
Leijs et al., 2018). A total of 3285 individuals were studied and most (n
= 2298; 70%) were children. Only Zhu et al., 2022 (Zhu et al., 2022) was
performed with adults, and Araki et al.,, 2014 (Araki et al., 2014)
included a small proportion of adults (0-14 yrs: 24.4%; 15-29 yrs:
12.2%; 30-44 yrs: 26.9%; 45-59 yrs: 20.3%; 60+ yrs: 16.1%). Detailed
information for all selected studies is available at supplementary Ap-
pendix S2 — “Complete data of selected studies”, and Fig. 2 presents a
summary of their main characteristics.

3.2. Chronic respiratory diseases

Five studies reported asthma as an outcome (Meng et al., 2016a;
Meng et al., 2016b; Araki et al., 2014; Canbaz et al., 2016), two reported
wheezing (Araki et al., 2018; Ait Bamai et al., 2018) and two reported
allergic rhinitis/rhinoconjunctivitis (Araki et al., 2014; Araki et al.,
2018). No studies were found for COPD, asthma/COPD overlap, inter-
stitial lung diseases, bronchiectasis, cystic fibrosis, emphysema,
sarcoidosis. Two studies (Leijs et al., 2018) evaluated lung function as an
outcome.

Among the included studies, asthma prevalence varied between
4.7% (Araki et al., 2014) and 50% (Canbaz et al., 2016), being present in
559 participants of the full sample (17% global); allergic rhinitis/rhi-
noconjunctivitis prevalence varied between 18.6% (Araki et al., 2014)
and 36.7% (Araki et al., 2018), being present in 143 participants (6.6%
global); wheezing prevalence varied between 13.9% (Ait Bamai et al.,
2018) and 22.7% (Araki et al., 2018), being present in 70 participants
(3.3% global).

Different diagnosis criteria were used to define the outcomes. Two
studies (Araki et al., 2018; Ait Bamai et al., 2018) used the International
Study of Asthma and Allergies in Childhood (ISAAC) questionnaire
(Mallol et al., 2013) definition for the diagnosis of respiratory diseases.
Five studies (Meng et al., 2016a; Meng et al., 2016b; Araki et al., 2014;
Canbaz et al.,, 2016) used participant’s self-reporting of symptoms,
medical diagnosis or medical treatment prescribed. One study (Leijs
et al., 2018) did not reported the applied criteria.

3.3. Exposure to flame retardants
Only five studies evaluated the exposure to organophosphate esters

(OPEs) (Araki et al., 2014; Araki et al., 2018; Ait Bamai et al., 2018),
three to brominated flame retardants (BFRs), more specifically
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e Duplicated data (n=1)

Fig. 1. Flow diagram on search and article inclusion, according to PRISMA statement.

polybrominated diphenyl ethers (PBDEs) (Meng et al., 2016a; Meng
et al., 2016b; Leijs et al., 2018) and one to both (Canbaz et al., 2016).
Supplementary Appendix S5 summarizes the target compounds
addressed in this review.

Among the studies reporting OPEs, the compounds evaluated
included several OPEs or OPE metabolites, namely: 5-HO-EHDPHP,
BDCIPP, TDCIPP/TDCP, TDCPP, DBP, DNBP, TBOEP, TCEP, TCIPP,
TEHP, TNBP, TPhP, TPP. Among the studies reporting BFRs, only TBPH
and PBDEs were addressed, and among these BDE 28,47, 66 and 209
were the main studied congeners.

Most studies evaluated the exposure to FRs only through dust (pre-
sent either on the floor or on multi-surfaces) (Meng et al., 2016a; Araki
et al., 2014; Ait Bamai et al., 2018; Canbaz et al., 2016). Two studies
(Meng et al., 2016b; Leijs et al., 2018) evaluated the concentrations of
FRs in serum/blood samples, two studies evaluated metabolites levels in
urine samples (Zhu et al., 2022; Louis et al., 2023) and one study eval-
uated metabolites levels in both matched dust and urine samples (Araki
et al., 2018).

Concerning the description of the FRs concentrations, several ap-
proaches were employed. Two studies reported FRs concentrations
based on quartiles (Araki et al., 2018; Ait Bamai et al., 2018). Four
studies based on detection frequencies (Meng et al., 2016a; Meng et al.,
2016b; Canbaz et al., 2016). Two studies (Araki et al., 2014) reported
the exposure based on the “levels under the detection limit”, and another
study did not report the type of measure used (Leijs et al., 2018).

3.4. Risk of bias in included studies

Two reviewers independently evaluated the risk of bias of the
included studies and reached consensus in all evaluations (Fig. 3).
Almost every study showed a predominance of low to moderate risk of
bias in their risk assessment. Eight out of nine studies included in the

quality assessment (Meng et al., 2016b; Araki et al., 2014; Canbaz et al.,
2016) (Meng et al., 2016a; Araki et al., 2018; Ait Bamai et al., 2018; Zhu
etal., 2022; Louis et al., 2023) had a global moderate risk of bias and one
(Leijs et al., 2018) was considered serious. The highest risk of bias was
found regarding the confounding control, selection of participants,
measurement of outcomes and selection of reported results. The
dimension “departures from intended exposures” was not possible to
evaluate in most studies, due to the cross-sectional design. The classi-
fication of exposures was globally well performed and missing data was
rare. Detailed evaluation is available in supplementary Appendix S3 —
“Quality Assessment of included studies”.

3.5. Association between FRs exposure and chronic respiratory diseases

Among the selected follow-up studies, two cohort studies and one
cross-sectional (Canbaz et al., 2016; Leijs et al., 2018) did not report
enough data to be aggregated in a quantitative manner. There was no
positive association between the FRs in mattress dust and the develop-
ment of childhood asthma. In contrast, in one study (Canbaz et al.,
2016), dust collected from mattresses of the households with children
who would develop asthma contained significant lower levels of TPHP
(419 vs 613 ng g-1, p = 0.007) and mmp-TMPP (meta, meta, para-tris
(methylphenyl) phosphate) (192 vs 288 ng g-1, p = 0.026), compared
with dust collected in those of the households with healthy participants.
The other two studies addressed lung functions as an outcome of in-
terest. One study (Leijs et al., 2018) performed in children found a
statistically significant correlation between FRs exposure (dioxin and
dioxin-like PCBs congeners, detected in serum/blood samples) and
worse lung function levels, namely Forced expiratory volume in the first
second [FEV1] (spearman’s correlations r = —0.539, p = 0.032), the
ratio of FEV1/Forced Vital Capacity [FVC] (spearman’s correlation r =
—0.575, p = 0.02) and Peak expiratory flow at 50% [FEF50]
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2016 2018 2022 Wheezing Lung function BFRs Urine
(3 studies) (2 studies) (1 study) (2 studies) (2 studies) (3 studies) (3 studies)
2014 2020 2023 Allergic rhinitis/
(1 study) | (1 study) | (2 study) ?M"O"-Oﬂl)“nﬂ- Serum/blood
2 studies] i
PFRs + BFRs (Zstidies)
(1 study)

Fig. 2. Characteristics of the studies included in this systematic review: respiratory diseases studied; temporal and spatial distribution of the studies; type of FRs and
type of matrices analysed.

Risk of Bias adapted from GRADE .
. Overall risk of
Evaluation .
bias
1 2 3 4 5 6 7
Araki A; et al 2014 P + NA | + P, Moderate
Araki A; et al 2018 P 2 2 INA| *+ | * P Moderate
Ait Bamai Y; et al 2018 + 7 + [NA| + | + ) Moderate
Canbaz, D.; et al 2016 Y e ? + / bl Moderate
Leijs, M.M.; et al 2018 - » e P Serious
Louis, LM.; et al. 2023 + 7| + + | + / Moderate
Meng, G.; et al 2016_1 Y+ |+ [NA| + | 7| * Moderate
Meng, G.; et al 2016_2 Y+ | # [NA| * | ¢ ) Moderate
Zhu, H.; et al. 2022 P Y+ [NA| * | ¥ + Moderate
1 - Confounding; + > Low risk of bias
2 - Selection of Participants; - Moderate risk of bias
3 - Classification of Exposures; ) . .
. -> Serious risk of bias
4 - Departures from Intended Exposures; i ) i
5 - Missing Data; - = Critical risk of bias
6 - Measurement of Outcomes; NA - Not enough information to judge the risk of
7 - Selection of Reported Results; bias

Fig. 3. Risk of Bias assessment in included studies according to an adaptation of the GRADE quality assessment tool and including a detailed confounding assessment

through a confounding matrix.
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(spearman’s correlation r = —0.699; p = 0.003). The other study (Zhu
et al., 2022), performed with adults, also found a statistically significant
correlation between urinary levels of OPE metabolites and worse lung
function levels, namely: a reduction of 91.52 ml and 79.34 ml in the FVC
levels with every logarithm unit increase in the levels of BDCIPP and
BCEP; as well as a reduction of FEV1, FVC and Peak expiratory flow
[PEF] levels by 130.86 ml, 153.56 ml and 302.26 ml, for each one-unit
elevation in BCIPP, respectively.

Among the remaining studies, five cross-sectional studies (Meng
et al., 2016a; Meng et al., 2016b; Araki et al., 2014; Araki et al., 2018;
Ait Bamai et al., 2018) and one cohort (Louis et al., 2023) provided
enough data to be analysed quantitatively. Figs. 4-6 present the main
findings for asthma, wheezing and rhinitis/rhinoconjunctivitis, respec-
tively. Full data of meta-analyses is available on supplementary Ap-
pendix S4 - “Complete data of meta-analysis”.

Regarding asthma, we found significant results regarding exposure
to TNBP in one study (Araki et al., 2014), with an elevated risk of asthma
(Risk Ratio: 2.31; 95%CI: 1.20-4.44; p = 0.01), and regarding TPHP in
the pooled estimate of two studies (Araki et al., 2014; Louis et al., 2023),
also with an elevated risk (Risk Ratio: 1.13; 95%CI: 1.03-1.24; p =
0.01). Overall, a relative risk higher than 1, although not significant, was
observed for asthma, for most of the OPEs compounds in the other
studies. In the global pooled results, the meta-analysis showed no sta-
tistically significant risk estimation. No relevant patterns were found in
the remaining subgroup analyses, namely other sub-type of FRs,
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pathway/source, participants age or country. Concerning PBDEs, the
results were divergent and heterogeneous, with no relevant patterns.

No statistical significance was observed for the association between
FRs and wheezing although in some studies the relative risk was higher
than 1.0 (Araki et al., 2018; Ait Bamai et al., 2018). Evaluating different
FRs subtypes and their metabolites, we found no relevant trend patterns
nor statistically significant risk differences. The exception is for
5-OH-EHDPHP, reported in the Araki et al., 2018 study (Araki et al.,
2018) with a trend for higher risk. This trend was found in this study
only when analysing the levels of this urinary metabolite of EHDPHP,
but not its levels in dust.

We found divergent and heterogeneous results in the global analysis,
as well as among all analysed FRs exposure levels, for rhinitis/rhino-
conjunctivitis. The exceptions were TCEP and TCIPP, both detected in
urine and dust samples, showing a trend for higher risk, although not
statistically significant (detailed information about risk estimates is
presented at Appendix S4 - “Complete data of meta-analysis™”). The study
by Araki et al., 2018) (Araki et al., 2018) showed a significant marginal
risk, when analysing the levels of urinary FRs metabolites (pooled esti-
mate for all 14 OPEs metabolites reported) (Risk Ratio: 1.44; 95%CI:
1.10-1.88; p = 0.08), but not for FRs dust levels.

i Risk Ratio
Asthma - Subgroup Num pax Num studies (95% Cl)
GLOBAL ESTIMATION (only Moderate Risk of Bias) 1621 4 p 1.02(0.97, 1.07)
Main type of FR / country
PFRs/High income country (Japan) 663 2 K= 1.10(0.98, 1.24)
PBDEs/Upper-middle income country (China) 958 2 * 1.00 (0.97, 1.03)
Sub-type of FR
TBOEP 516 1 —_— 1.24(0.77, 2.02)
TCEP 663 2 - 1.19 (0.84, 1.70)
TCIPP 516 1 —e— 1.12 (0.74, 1.69)
TDCIPP 516 ;i | —_—— 1.35(0.81, 2.26)
TEHP 516 1 B — 1.30(0.82, 2.19)
TNBP 516 1 4 2.31(1.20, 4.44)
TPHP 663 2 gl 1.13(1.03, 1.24)
p-DMPP 147 1 +—— 1.27(0.92, 1.75)
DBP/DNBP 147 1 b ] 1.30(0.90, 1.87)
BDE 209 958 2 --— 1.07 (0.88, 1.28)
BDE 47 958 2 L d 0.98 (0.89, 1.08)
BDCIPP 147 1 < 0.97 (0.90, 1.04)
Pathway/source
Dust samples 636 2 —_— 1.04 (0.82, 1.33)
Serum samples 838 d > 1.03 (0.96, 1.11)
Urine samples 147 1 o= 1.09 (0.97, 1.23)
Study dimension_
Large studies (2500 pax) 1354 2 » 1.05(0.93, 1.18)
Small studies (<500 pax) 267 2 i g 1.02(0.93,1.11)
Participants age
Preschool children 958 2 L 4 1.00 (0.97, 1.03)
School-aged schildren 147 1 o= 1.09 (0.97, 1.23)
Children + Adults 516 1 —_—— 1.41(0.78, 2.56)
| ]

4.5

Fig. 4. Forest plot of results on the risk of asthma according to Flame Retardants exposure and the most relevant sub-group analysis.
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Risk Ratio
Wheezing - Subgroup Num pax Num studies (95% CI)
GLOBAL ESTIMATION (only PFR/Moderate Risk of Bias/Small studies (<500 pax)/ 424 2 —_—— 1.15(0.92, 1.42)
School-aged children/High income country (Japan))
Sub-type of FR
SHO-EHDPHP 128 1 < 1.63(0.81, 3.30)
ToCPp 296 1 = 1.05 (0.96, 1.15)
DBP/DNBP 296 1 e 1.02 (0.88, 1.19)
DEHP 296 1 —— 0.96 (0.82, 1.13)
TBOEP 128 1 1.00 (0.54, 1.85)
TCEP 424 2 —_—— 1.03(0.83, 1.26)
TcIpp 424 2 —_— 1.15(0.72, 1.86)
TEHP 296 1 == 0.92(0.79, 1.08)
TNBP 128 1 e——t— 0.80 (0.46, 1.41)
TPHP 424 2 —(— 0.98 (0.82, 1.16)
PP 424 2 —p— 1.02 (0.87, 1.18)
Pathway/source
Dust samples 424 2 L ] 0.99 (0.95, 1.03)
Urine samples 128 1 —_—— 1.35(0.99, 1.84)
0!1 i | 3I5

Fig. 5. Forest plot of results on the risk of wheezing according to Flame Retardants exposure and the most relevant sub-group analysis.

o A i o Risk Ratio
Rhinitis/Rhinoconjunctivitis - Subgroup Num pax Num studies (95% CI)
GLOBAL ESTIMATION (only PFRs/High income country (Japan)/ 644 2 ——— 1.07 (0.77, 1.49)

Moderate Risk of Bias)

Sub-type of FR

5HO-EHDPHP 128 1 g 1.15(0.63, 2.06)
TDCIPP 516 4 —— 0.94 (0.72, 1.23)
TBOEP 644 2 ——— 0.90 (0.64, 1.26)
TCEP 644 2 T 1.17(0.97,1.42)
TCIPP 644 2 ¢ 1.34(0.89, 2.01)
TEHP 516 1 —— 0.95 (0.63, 1.38)
TNBP 644 2 1.00 (0.49, 2.03)
TPHP 644 2 —_—— 0.92 (0.64, 1.30)
TPP 128 ak + 0.80 (0.44, 1.46)
Pathway/source
Dust samples 644 2 —— 0.90(0.72, 1.13)
Urine samples 128 1 —— 1.44 (1.10, 1.88)

Bias quality / study dimension / participants age

Large studies (2500 pax)/School-aged children 516 1 ——— 0.97 (0.69, 1.37)
Small studies (<500 pax)/Children+Adults 128 1

1.11 (0.66, 1.87)

4

| 1
0.4 1 2.1

Fig. 6. Forest plot of results on the risk of rhinitis/rhinoconjunctivitis according to Flame Retardants exposure and the most relevant sub-group analysis.

4. Discussion their potential health impacts. This is particularly relevant in respiratory
diseases, known to be highly susceptible to environmental pollution,
4.1. Summary of key findings while considering the increasing disease burden in the last decades
(Union, 2018; Soriano et al., 2020). Thus, this is the first systematic

Considering the persistency and widespread use of current POPs and review addressing the role of FRs in chronic respiratory diseases.
emerging POPs, including FRs, it is of paramount importance to assess Overall, we found no statistically significant increase in the risk for
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chronic respiratory diseases with higher exposure to FRs, with the
exception for asthma, mainly regarding exposure to TNBP that was
associated with a significantly increase in the relative risk of a 131% (in
one single study), and regarding exposure to TPHP that was associated
with a significant increase in the relative risk of a 13%, pooling two
studies. Nevertheless, existing data support the hypothesis that some FRs
may be associated with a higher risk for asthma, although no statistically
significance was observed in the meta-analysis quantitative estimation
of the overall risk. The remaining studies, not included in the meta-
analysis (Canbaz et al., 2016; Leijs et al., 2018), reinforced such po-
tential effect, particularly a significant risk for worsening of several lung
function parameters, with a potential dose-response effect for FRs
exposure. Similar results were found regarding wheezing when ana-
lysing the levels of urinary OPEs metabolites. For rhinitis/rhino-
conjunctivitis, TCEP and TCIPP have also shown a trend for risk higher
than 1, although not statistically significant, and, again, this was more
pronounced when analysing the levels of urinary OPEs metabolites
(potential increase of 44% risk).

Most studies showed a predominance of moderate risk of bias in their
risk assessment; and, due to the cross-sectional design of most of the
studies included in the meta-analysis, the global strength of the findings
evidence is low.

4.2. Strengths and limitations of the review

This systematic review highlights the lack of enough evidence to
establish a harmful relationship between exposure to FRs and asthma
and rhinitis. However, this lack of association might be explained by
some limitations.

First, there are still few studies published reporting this association,
and most of them are cross-sectional. We found only 2 cohort studies
(Canbaz et al., 2016; Leijs et al., 2018), and those studies reported
different results when comparing with the cross-sectional ones, showing
a deleterious effect upon asthma, probably as a consequence of the
exposure to TPHP and mmp-TMPP. Overall, the global strength of the
evidence regarding the meta-analysis estimations was low. These studies
were not appropriate to study FRs impact because they obtained only
one exposure assessment.

Also, most studies included considerably small sample sizes, which
hampers the ability to detect marginal and low increases in the risk, and
therefore, they may be underpowered. The methodological heteroge-
neity and the diversity of diagnosis (outcome) criteria may also pose
some limitations in the true effect detection.

Another limitation is the fact that most studies were performed in
Asian countries, such as Japan and China, with the exception for one
study performed in USA, and this may not represent the real burden
worldwide, as it may differ significantly across different countries. As
well as the levels, patterns, and distribution of specific FRs may vary due
to the FRs countries’ legislation, building material employment, furni-
ture, and devices variations (Esplugas et al., 2022; Li et al., 2019). The
concentrations of FRs might also exhibit seasonal variations, yet the real
impact of temperature and seasonal variability on the concentrations of
FRs and consequently on exposure are still not fully understood. Several
studies from diverse geographical locations (e.g. Asia, North America,
Europe) have described that higher temperatures, which correspond to
summer months, are responsible for higher OPEs concentrations in the
atmospheric gas-phase (Saini et al., 2019; Ohura et al., 2006; Prats et al.,
2022; Wong et al., 2018; Yaman et al., 2020). However, in other studies,
this association was less robust or even absent with no significant im-
pacts of temperature on OPEs partition (Liu et al., 2023; Shoeib et al.,
2014; Zhao et al., 2023). Nevertheless, these results should be inter-
preted with caution as they are deeply dependent on the study design
and/or characteristics of the built environment as recently highlighted
by (Rodgers et al., 2023). In fact, the physical and chemical properties of
OPEs and the climatic characteristics are important factors, but the
characteristics of the built environment also play a determinant role on
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the behaviour and release of contaminants and should not be ruled out
(Rodgers et al.,, 2023). Further studies examining the mechanisms
behind the partition of OPEs are necessary.

Lastly, we must notice that most studies evaluated the exposure
through house dust. Although being one of the main exposure sources of
FRs, levels in house dust may not represent the real internal dose of FRs,
considering that many factors affect the real and final bioavailability.
Among those we may highlight that the following information should be
considered and adjusted as confounding factors when assessing the
exposure: i) the different country policies regarding the use of FRs in all
industrial and commercial settings, ii) the housing characteristics,
cleaning procedures, amount of plastic furniture/objects, among others
(Gravel et al., 2019; Sugeng et al., 2017), iii) Individual exposure dif-
ferences (eg. dust exposure frequency) and the several pathways of
exposure, such as the ingestion and inhalation of dust, the inhalation of
air, the dermal absorption, and the dietary ingestion (Chupeau et al.,
2020). Only three out of nine studies involved internal exposure mea-
surements. While internal exposure measurement is more reliable in
assessing actual exposure levels in the human body, the literature
included here may not adequately represent the outcomes under
investigation. Concerning the description of the FRs concentrations,
several approaches were employed among the included studies
(continuous (log2) concentrations, median values, geometric mean
SG-corrected concentrations, quartiles, cut-offs for LOQ and LOQ), and,
considering the heterogeneity found, future studies should address this
important technical gap, and seek harmonization, either on methodo-
logical features related to detection rates, either on data-analysis
methods and their report.

Importantly, we detected a higher risk when analysing the exposure
to FRs through urine metabolites. This means that future studies should
also consider biological samples, in addition to the environmental
samples, as a better surrogate for the real exposure. Xu et al., 2019 (Xu
et al., 2019), evaluated the occurrence of several OPEs metabolites in
different biological samples (human hair, serum, and urine) and corre-
lated them with the OPEs present in environmental samples (including
air and dust) observing that urinary OPEs metabolites are associated
with parent OPEs present in dust and air. However, it is well-known that
since house dust is extremely heterogeneous, levels in dust do not
necessarily reflect the internal dose. In fact, the reported bioaccessibility
of FRs in dust shows relatively large variation. In this regard, bio-
monitoring approaches, which assess the exposure by analysing bio-
logical samples such as blood, urine, and hair, would be suitable as a
surrogate for internal dose if relevant biomarkers are available (Fang
and Stapleton, 2014; Wannomai et al., 2020; Wannomai et al., 2021).
Further studies on the reliable and reasonable method for exposure
assessment of FRs are warranted. Such studies should include the mea-
surement of FRs in biospecimens from large-scale cohort studies.

Two studies, reporting exposure to TNBP and TPHP, revealed a
significantly elevated risk for asthma (Araki et al., 2014; Louis et al.,
2023). These studies had some positive design features (large sample
size or cohort design), but overall, a moderate risk of bias, and the
outcome was evaluated by participants self-reporting of having previous
medical treatment for bronchial asthma or allergic rhinitis at any time
during the preceding years, which may lead to overdiagnosis, and
therefore, may result in overestimate this association. In addition,
regarding TNBP, its exposure seems to be associated with a higher risk
for Asthma than the exposure measured through the metabolite DNBP.
This may be related to the studies design itself and some potential bias.
The estimate for TNBP exposure is reported by Araki et al., 2014) (Araki
et al., 2014), whereas exposure measured through DNBP was evaluated
by Louis et al., 2023) (Louis et al., 2023). The study from Araki et al. has
a larger sample and with data collected from a significantly larger
follow-up population, which may allow a better detection of the haz-
ardous effects in a long-term exposure.

Despite these limitations, this review has several strengths. First, the
reported estimations resulted in a combination of adjusted risk ratios,
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considering that all studies performed confounding adjustment in their
risk estimations, namely for gender, age, tobacco smoking, housing
characteristics, household income, creatinine levels, parental history of
atopy, non-stick pan use and house ventilation. In addition, this review
was conducted with high methodological quality, in accordance with
the PRISMA recommendations (Preferred Reporting Items for System-
atic Reviews and Meta-Analysis) (Page et al., 2021). A broad, but con-
crete, study inclusion criteria (PICO) was designed, reaching consensus
among all reviewers on a rigorous way. The inclusion of broad criteria
allowed to develop a highly comprehensive review with a significant
diversity of FRs included, with more generalised results.

4.3. Comparison with other studies

Comparison with previous systematic reviews reporting on FRs
health effects is not possible, considering this is the first one on this
topic. Nevertheless, previous studies have shown a potential adverse
effect of POPs, as well as FRs, in different health conditions. A recent
study suggests that female exposure to at least some POPs may reduce
fecundability (Kahn et al.), affecting the time needed to achieve preg-
nancy. Two other systematic reviews found sufficient evidence sup-
porting an association between developmental PBDEs exposure and
reduced child cognitive, behavioural, and motor development (Lam
et al.; Gibson et al., 2018), and that may be possibly through the per-
turbations in thyroid function either in the pregnant woman or in the
child. This endocrine disruption theory was previously developed in a
review including 36 epidemiological studies, that found a potential role
of BFRs on diabetes, cancer, and thyroid function (Kim et al., 2014).
Those systematic reviews included a larger number of well-designed
studies, while in our review all the included studies presented some
key limitations.

Moreover, recent evidence starts to propose some possible mecha-
nisms underlying the role of FRs in some respiratory diseases, such as
childhood asthma, and those may be associated to a disrupting inflam-
matory effects on lipid and fatty acid metabolism (Chen et al., 2024). In
fact, studies from rural areas of industrialised countries suggest that
exposure to some indoor pollutants might be protective in early life but
are associated with adverse respiratory effects in adulthood (Hulin et al.,
2012). Furthermore, in vivo and in vitro evidence with lung cell lines
suggest that FRs have major implications in oxidative stress, and DNA
damage with consequences in inflammatory responses (Montalbano
et al., 2020; Chen et al., 2023). Studies with mice (Meng et al., 2022),
suggested that oxidative stress and inflammatory responses mediated by
the Fkbp5/Nos3/MAPK/NF-kxB signal pathway are responsible for pul-
monary damage and that TNBP intensified OVA-simulated asthmatic
response, inducing the proliferation of goblet cells, the recruitment of
inflammatory cells, and the overexpression of IgE. Recently, an Adverse
Outcome Pathway (AOP) framework was developed to elucidate the
mechanism of pulmonary disfunction caused by OPEs (Zhu et al., 2022).
The evidence indicates that pulmonary dysfunction caused by chlori-
nated OPEs was associated with the IL-6/JAK/STAT pathway, which
resulted in airway remodeling, and consequently in the impairment of
the lung function. Also, a recently published study, including partici-
pants from an U.S. nationwide survey, revealed a potential association of
OPEs exposure and the risk for worse lung function parameters, such as
lower FEV1 and FVC levels, thus, reinforcing our findings (Hu et al.,
2023).

4.4. Interpretation and implications of the findings

The importance of indoor and outdoor pollution and their role in the
development and worsening of chronic respiratory diseases is well
established and there are several international guidelines available on
this topic (Reddel et al., 2019; Bousquet et al., 2020; Hoy, 2012).
Generally, most recommendations call for a reduction of the exposure.
Yet, to reduce exposure it is necessary to first identify the chemicals

Environmental Pollution 347 (2024) 123733

associated with chronic respiratory diseases and to assess their real
impact on disease onset and worsening. It is particularly relevant for
widely used chemicals to which we are continually exposed, such as FRs.
This systematic review presents a wide, inclusive, and comprehensive
approach, including all available studies worldwide on FRs and respi-
ratory health, and therefore we have found the results timely and rele-
vant. Nevertheless, a comprehensive meta-analysis to estimate the
associations cannot be performed due to lack of information despite the
public concern and previous (in vivo/in vitro) reports implying adverse
effects (Abdallah et al., 2015; Wang et al., 2021; Bajard et al., 2019). So,
conducting large-scale observational studies is of paramount impor-
tance. Considering this, future studies should be designed on a longi-
tudinal cohort base, with long-term follow-up, to assess these causal
relationships over time, to control for potential confounders, and to
assess the risk of synergic or collinear effects among different groups and
congeners/compounds of FRs. These should consider the chronic expo-
sure to FRs and the fact that the daily intakes of FRs are higher in early
life (newborns and toddlers) due to the highest dust intake rates and
smaller body weights comparing to adults (Kim et al., 2019). Therefore,
this exposure might influence the respiratory health on a long term.

Finally, by identifying a potential, yet underdetermined, hazardous
effect of FRs, this systematic review highlights the need for future in-
terventions that may reduce this risk. These future interventions should
be addressed at a global scale of health policies (Gravel et al., 2019;
Souto-Miranda et al., 2020) and should focus on the substitution of the
toxic chemicals for safer ones as contemplated in the European “Green
deal” and disclosed in the European Commission “Chemicals Strategy
for Sustainability Towards a Toxic-Free Environment” (CSS) (COM,
2020). In a scenario where the replacement of toxic chemicals is not yet
possible, the implementation of urban design policies to reduce expo-
sure should also be considered (Rodgers et al., 2023). Future in-
terventions should also focus on educational programs to empower
patients to reduce exposure in their everyday life. Previous works
already demonstrated that simple interventions can decrease exposure
levels and that patient empowerment is an important tool to reduce
exposures and improve patients’ health (Gravel et al., 2019; Souto--
Miranda et al., 2020; Rodgers et al., 2021; Bryant-Stephens et al., 2009;
Gibson et al., 2019).

5. Conclusions

Available data do not allow to support that exposure to Flame Re-
tardants poses a significant higher risk for respiratory diseases. How-
ever, a trend was observed for a potential risk regarding asthma and
rhinitis/rhinoconjunctivitis. This trend may be present with the OPEs:
TNBP, TPHP, TCEP and TCIPP, and was more pronounced when FRs
exposure was accessed through urinary metabolites.

Overall, the strength of the evidence is low, considering the lack of
longitudinal, and robust well-designed studies. Future studies must be
designed as cohorts, with large follow-ups, using more accurate
bioavailability measures, and adjusted to potential confounders.

Ethical considerations

This work was not submitted to ethical board approval, considering
it in a systematic review, and therefore, there was no human partici-
pation, and no personal data was used.

Data sharing

All data used in this systematic review is detailed and available at
Supplementary Appendices.

Differences between protocol and review

The protocol of this systematic review was registered in PROSPERO



S.D. Coelho et al.

with the number CRD42022315231 Available at:
https://www.crd.york.ac.uk/prospero/display_record.php?
ID=CRD42022315231.
The study protocol has no methodological differences from the final
work.

Prospero protocol registration no

CRD42020220805.

CRediT authorship contribution statement

Sonia D. Coelho: Writing — review & editing, Writing — original
draft, Validation, Methodology, Formal analysis, Data curation,
Conceptualization. Tiago Maricoto: Writing — review & editing, Writing
— original draft, Validation, Software, Project administration, Method-
ology, Formal analysis, Data curation, Conceptualization. Luis
Taborda-Barata: Writing — review & editing, Writing — original draft,
Validation, Software, Resources, Methodology, Conceptualization. Isa-
bella Annesi-Maesano: Writing — review & editing, Writing — original
draft, Validation, Methodology, Conceptualization. Tomohiko Isobe:
Writing — review & editing, Writing — original draft, Validation, Soft-
ware, Methodology, Formal analysis, Data curation, Conceptualization.
Ana C.A. Sousa: Writing — review & editing, Writing — original draft,
Validation, Supervision, Project administration, Methodology, Formal
analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data of public access already.

Acknowledgments and sources of support

This systematic review was developed at CESAM (Centre for Envi-
ronmental and Marine Studies, University of Aveiro), with financial
support from FCT/MCTES through national funds (UIDP/50017/
2020+UIDB/50017/2020-+LA/P/0094/2020). ACAS acknowledges the
support from the Comprehensive Health Research Centre (CHRC) proj-
ect (UIDP/04923/2020), Labex DRIIHM (ANR-11-LABX-0010) via
OHMI Estarreja, CNRS/INEE. ACAS and TI acknowledge the support
from La Mer Project funded by the Japanese Ministry of Education,
Culture, Sports, Science, and Technology (MEXT).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2024.123733.

References

Abdallah, M.A.E., Pawar, G., Harrad, S., 2015. Evaluation of in vitro vs. in vivo methods
for assessment of dermal absorption of organic flame retardants: a review. Environ.
Int. 74, 13-22. https://doi.org/10.1016/J.ENVINT.2014.09.012.

Ait Bamai, Y., Araki, A., Nomura, T., Kawai, T., Tsuboi, T., Kobayashi, S., et al., 2018.
Association of filaggrin gene mutations and childhood eczema and wheeze with
phthalates and phosphorus flame retardants in house dust: the Hokkaido study on
Environment and Children’s Health. Environ. Int. 121, 102-110. https://doi.org/
10.1016/j.envint.2018.08.046.

Alcock R, Bashkin V, Bisson M, Brecher RW, van Bree L, Chrast R, et al. HEALTH RISKS
OF PERSISTENT ORGANIC POLLUTANTS FROM LONG-RANGE TRANSBOUNDARY
AIR POLLUTION. n.d..

10

Environmental Pollution 347 (2024) 123733

Araki, A., Saito, I., Kanazawa, A., Morimoto, K., Nakayama, K., Shibata, E., et al., 2014.
Phosphorus flame retardants in indoor dust and their relation to asthma and allergies
of inhabitants. Indoor Air 24, 3-15. https://doi.org/10.1111/ina.12054.

Araki, A., Bastiaensen, M., Ait Bamai, Y., Van den Eede, N., Kawali, T., Tsuboi, T., et al.,
2018. Associations between allergic symptoms and phosphate flame retardants in
dust and their urinary metabolites among school children. Environ. Int. 119,
438-446. https://doi.org/10.1016/j.envint.2018.07.018.

Bajard, L., Melymuk, L., Blaha, L., 2019. Prioritization of hazards of novel flame
retardants using the mechanistic toxicology information from ToxCast and Adverse
Outcome Pathways. Environ. Sci. Eur. 31, 14. https://doi.org/10.1186/512302-019-
0195-z.

Bousquet, J., Schiinemann, H.J., Togias, A., Bachert, C., Erhola, M., Hellings, P.W., et al.,
2020. Next-generation allergic rhinitis and its impact on asthma (ARIA) guidelines
for allergic rhinitis based on grading of recommendations assessment, development
and evaluation (GRADE) and real-world evidence. J. Allergy Clin. Immunol. 145,
70-80.e3. https://doi.org/10.1016/j jaci.2019.06.049.

Bryant-Stephens, T., Kurian, C., Guo, R., Zhao, H., 2009. Impact of a household
environmental intervention Delivered by Lay health workers on asthma symptom
control in urban, disadvantaged children with asthma. Am. J. Publ. Health 99,
S$657-S665. https://doi.org/10.2105/AJPH.2009.165423.

Canbaz, D., van Velzen, M.J.M., Hallner, E., Zwinderman, A.H., Wickman, M.,
Leonards, P.E.G., et al., 2016. Exposure to organophosphate and polybrominated
diphenyl ether flame retardants via indoor dust and childhood asthma. Indoor Air
26, 403-413. https://doi.org/10.1111/ina.12221.

Chen, J., Li, G., Yu, H., Liu, H., An, T., 2022. The respiratory cytotoxicity of typical
organophosphorus flame retardants on five different respiratory tract cells: which
are the most sensitive one? Environ. Pollut. 307, 119564 https://doi.org/10.1016/J.
ENVPOL.2022.119564.

Chen, J.C., Baumert, B.O., Li, Y., Li, Y., Pan, S., Robinson, S., et al., 2023. Associations of
per- and polyfluoroalkyl substances, polychlorinated biphenyls, organochlorine
pesticides, and polybrominated diphenyl ethers with oxidative stress markers: a
systematic review and meta-analysis. Environ. Res. 239, 117308 https://doi.org/
10.1016/J.ENVRES.2023.117308.

Chen, Z., Li, F., Fu, L., Xia, Y., Luo, Y., Guo, A, et al., 2024. Role of inflammatory lipid
and fatty acid metabolic abnormalities induced by plastic additives exposure in
childhood asthma. J. Environ. Sci. 137, 172-180. https://doi.org/10.1016/J.
JES.2023.02.005.

Chupeau, Z., Bonvallot, N., Mercier, F., Le Bot, B., Chevrier, C., Glorennec, P., 2020.
Organophosphorus flame retardants: a global review of indoor contamination and
human exposure in Europe and epidemiological evidence. Int. J. Environ. Res. Publ.
Health 17. https://doi.org/10.3390/ijerph17186713.

Coelho, S.D., Sousa, A.C.A., Isobe, T., Kim, J.W., Kunisue, T., Nogueira, A.J.A., et al.,
2016a. Brominated, chlorinated and phosphate organic contaminants in house dust
from Portugal. Sci. Total Environ. 569-570, 442-449. https://doi.org/10.1016/J.
SCITOTENV.2016.06.137.

Coelho, S.D., Sousa, A.C.A., Isobe, T., Kunisue, T., Nogueira, A.J.A., Tanabe, S., 2016b.
Brominated flame retardants and organochlorine compounds in duplicate diet
samples from a Portuguese academic community. Chemosphere 160, 89-94. https://
doi.org/10.1016/J.CHEMOSPHERE.2016.06.038.

COM, 2020. 667 final. Communication from the commission to the European parliament,
the council, the European economic and social committee and the committee of the
regions chemicals strategy for sustainability towards a toxic-free environment.
https://ec.europa.eu/environment/pdf/chemicals/2020/10/Strategy.pdf. Accessed
february 2023. n.d.

Esplugas, R., Rovira, J., Mari, M., Fernandez-Arribas, J., Eljarrat, E., Domingo, J.L., et al.,
2022. Emerging and legacy flame retardants in indoor air and dust samples of
Tarragona Province (Catalonia, Spain). Sci. Total Environ. 806, 150494 https://doi.
org/10.1016/J.SCITOTENV.2021.150494.

Fang, M., Stapleton, H.M., 2014. Evaluating the bioaccessibility of flame retardants in
house dust using an in vitro Tenax Bead-Assisted Sorptive physiologically based
method. Environ. Sci. Technol. 48, 13323-13330. https://doi.org/10.1021/
€s503918m.

Gascon, M., Morales, E., Sunyer, J., Vrijheid, M., 2013. Effects of persistent organic
pollutants on the developing respiratory and immune systems: a systematic review.
Environ. Int. 52, 51-65. https://doi.org/10.1016/J.ENVINT.2012.11.005.

Gibson, E.A., Siegel, E.L., Eniola, F., Herbstman, J.B., Factor-Litvak, P., 2018. Effects of
Polybrominated Diphenyl Ethers on Child Cognitive, Behavioral, and Motor
Development. https://doi.org/10.3390/ijerph15081636.

Gibson, E.A., Stapleton, H.M., Calero, L., Holmes, D., Burke, K., Martinez, R., et al., 2019.
Flame retardant exposure assessment: findings from a behavioral intervention study.
J. Expo. Sci. Environ. Epidemiol. 29, 33-48. https://doi.org/10.1038/s41370-018-
0049-6.

Gravel, S., Aubin, S., Labreche, F., 2019. Assessment of occupational exposure to organic
flame retardants: a systematic review. Ann Work Expo Health 63, 386-406. https://
doi.org/10.1093/annweh/wxz012.

Greaves, A.K., Letcher, R.J., Chen, D., McGoldrick, D.J., Gauthier, L.T., Backus, S.M.,
2016. Retrospective analysis of organophosphate flame retardants in herring gull
eggs and relation to the aquatic food web in the Laurentian Great Lakes of North
America. Environ. Res. 150, 255-263. https://doi.org/10.1016/J.
ENVRES.2016.06.006.

Hoy, Ryan F., 2012. Respiratory problems - occupational and environmental exposures.
Australian Journal for General Practitioners 41, 856-860.

Hu, P., Ke, S., Vinturache, A., Chen, Y., Ding, G., Zhang, Y., 2023. Organophosphate
esters, airway inflammation, and lung function among U.S. participants: a nationally
representative cross-sectional study from NHANES, 2011-2012. Sci. Total Environ.
892, 164755 https://doi.org/10.1016/J.SCITOTENV.2023.164755.


https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42022315231
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42022315231
https://doi.org/10.1016/j.envpol.2024.123733
https://doi.org/10.1016/j.envpol.2024.123733
https://doi.org/10.1016/J.ENVINT.2014.09.012
https://doi.org/10.1016/j.envint.2018.08.046
https://doi.org/10.1016/j.envint.2018.08.046
https://doi.org/10.1111/ina.12054
https://doi.org/10.1016/j.envint.2018.07.018
https://doi.org/10.1186/s12302-019-0195-z
https://doi.org/10.1186/s12302-019-0195-z
https://doi.org/10.1016/j.jaci.2019.06.049
https://doi.org/10.2105/AJPH.2009.165423
https://doi.org/10.1111/ina.12221
https://doi.org/10.1016/J.ENVPOL.2022.119564
https://doi.org/10.1016/J.ENVPOL.2022.119564
https://doi.org/10.1016/J.ENVRES.2023.117308
https://doi.org/10.1016/J.ENVRES.2023.117308
https://doi.org/10.1016/J.JES.2023.02.005
https://doi.org/10.1016/J.JES.2023.02.005
https://doi.org/10.3390/ijerph17186713
https://doi.org/10.1016/J.SCITOTENV.2016.06.137
https://doi.org/10.1016/J.SCITOTENV.2016.06.137
https://doi.org/10.1016/J.CHEMOSPHERE.2016.06.038
https://doi.org/10.1016/J.CHEMOSPHERE.2016.06.038
https://ec.europa.eu/environment/pdf/chemicals/2020/10/Strategy.pdf
https://doi.org/10.1016/J.SCITOTENV.2021.150494
https://doi.org/10.1016/J.SCITOTENV.2021.150494
https://doi.org/10.1021/es503918m
https://doi.org/10.1021/es503918m
https://doi.org/10.1016/J.ENVINT.2012.11.005
https://doi.org/10.3390/ijerph15081636
https://doi.org/10.1038/s41370-018-0049-6
https://doi.org/10.1038/s41370-018-0049-6
https://doi.org/10.1093/annweh/wxz012
https://doi.org/10.1093/annweh/wxz012
https://doi.org/10.1016/J.ENVRES.2016.06.006
https://doi.org/10.1016/J.ENVRES.2016.06.006
http://refhub.elsevier.com/S0269-7491(24)00447-0/sref24
http://refhub.elsevier.com/S0269-7491(24)00447-0/sref24
https://doi.org/10.1016/J.SCITOTENV.2023.164755

S.D. Coelho et al.

Hulin, M., Simoni, M., Viegi, G., Annesi-Maesano, 1., 2012. Respiratory health and indoor
air pollutants based on quantitative exposure assessments. Eur. Respir. J. 40, 1033.
https://doi.org/10.1183/09031936.00159011.

Jiang, X.-Q., Mei, X.-D., Feng, D., 2016. Air pollution and chronic airway diseases: what
should people know and do? J. Thorac. Dis. 8, 31-40. https://doi.org/10.3978/j.
issn.2072-1439.2015.11.50.

Kahn LG, Harley KG, Siegel EL, Zhu Y, Factor-Litvak P, Porucznik CA, et al. Persistent
organic pollutants and couple fecundability: a systematic review n.d. https://doi.
org/10.1093/humupd/dmaa037..

Khani, L., Martin, L., £, Putaski, 2023. Cellular and physiological mechanisms of
halogenated and organophosphorus flame retardant toxicity. Sci. Total Environ. 897,
165272 https://doi.org/10.1016/J.SCITOTENV.2023.165272.

Kim, Y.R., Harden, F.A., Toms, L.M.L., Norman, R.E., 2014. Health consequences of
exposure to brominated flame retardants: a systematic review. Chemosphere 106,
1-19. https://doi.org/10.1016/J.CHEMOSPHERE.2013.12.064.

Kim, U.J., Wang, Y., Li, W., Kannan, K., 2019. Occurrence of and human exposure to
organophosphate flame retardants/plasticizers in indoor air and dust from various
microenvironments in the United States. Environ. Int. 125, 342-349. https://doi.
org/10.1016/J.ENVINT.2019.01.065.

Lam J, Lanphear BP, Bellinger D, Axelrad DA, Mcpartland J, Sutton P, et al.
Developmental PBDE Exposure and IQ/ADHD in Childhood: A Systematic Review
and Meta-analysis n.d. https://doi.org/10.1289/EHP1632..

Leijs, M.M., Koppe, J.G., Olie, K., de Voogt, P., van Aalderen, W.M.C.,, ten Tusscher, G.
W., 2018. Exposure to environmental contaminants and lung function in
adolescents—is there a link? Int. J. Environ. Res. Publ. Health 15. https://doi.org/
10.3390/ijerph15071352.

Li, J., Zhao, L., Letcher, R.J., Zhang, Y., Jian, K., Zhang, J., et al., 2019. A review on
organophosphate Ester (OPE) flame retardants and plasticizers in foodstuffs: levels,
distribution, human dietary exposure, and future directions. Environ. Int. 127,
35-51. https://doi.org/10.1016/J.ENVINT.2019.03.009.

Li, Z., Zhang, X., Wang, B., Shen, G., Zhang, Q., Zhu, Y., 2022. Indoor exposure to
selected flame retardants and quantifying importance of environmental, human
behavioral and physiological parameters. Sci. Total Environ. 835, 155422 https://
doi.org/10.1016/J.SCITOTENV.2022.155422.

Liu, K., Xiao, H., Zhang, Y., He, H., Li, S., Yang, S., et al., 2023. Gas—particle partitioning
of organophosphate esters in indoor and outdoor air and its implications for
individual exposure. Environ. Int. 181, 108254 https://doi.org/10.1016/J.
ENVINT.2023.108254.

Lorenzo, M., Campo, J., Morales Suarez-Varela, M., Pico, Y., 2019. Occurrence,
distribution and behavior of emerging persistent organic pollutants (POPs) in a
Mediterranean wetland protected area. Sci. Total Environ. 646, 1009-1020. https://
doi.org/10.1016/J.SCITOTENV.2018.07.304.

Louis, L.M., Buckley, J.P., Kuiper, J.R., Meeker, J.D., Hansel, N.N., McCormack, M.C.,
et al., 2023. Exposures to organophosphate esters and respiratory morbidity among
school-aged children with asthma. Environ. Sci. Technol. 57, 6435-6443. https://
doi.org/10.1021/acs.est.2c05911.

Mallol, J., Crane, J., von Mutius, E., Odhiambo, J., Keil, U., Stewart, A., 2013. The
international study of asthma and allergies in childhood (ISAAC) phase three: a
global synthesis. Allergol. Immunopathol. 41, 73-85. https://doi.org/10.1016/j.
aller.2012.03.001.

Meng, G., Nie, Z., Feng, Y., Wu, X,, Yin, Y., Wang, Y., 2016a. Typical halogenated
persistent organic pollutants in indoor dust and the associations with childhood
asthma in Shanghai, China. Environ. Pollut. 211, 389-398. https://doi.org/
10.1016/j.envpol.2015.12.006.

Meng, G., Feng, Y., Nie, Z., Wu, X., Wei, H., Wu, S, et al., 2016b. Internal exposure levels
of typical POPs and their associations with childhood asthma in Shanghai, China.
Environ. Res. 146, 125-135. https://doi.org/10.1016/j.envres.2015.12.026.

Meng, Y., Xu, X., Xie, G., Zhang, Y., Chen, S., Qiu, Y., et al., 2022. Alkyl organophosphate
flame retardants (OPFRs) induce lung inflammation and aggravate OVA-simulated
asthmatic response via the NF-kB signaling pathway. Environ. Int. 163, 107209
https://doi.org/10.1016/J.ENVINT.2022.107209.

Montalbano, A.M., Albano, G.D., Anzalone, G., Moscato, M., Gagliardo, R., Di Sano, C.,
et al., 2020. Cytotoxic and genotoxic effects of the flame retardants (PBDE-47, PBDE-
99 and PBDE-209) in human bronchial epithelial cells. Chemosphere 245, 125600.
https://doi.org/10.1016/J.CHEMOSPHERE.2019.125600.

Morgan, R.L., Thayer, K.A., Santesso, N., Holloway, A.C., Blain, R., Eftim, S.E,, et al.,
2019. A risk of bias instrument for non-randomized studies of exposures: a users’
guide to its application in the context of GRADE. Environ. Int. 122, 168-184.
https://doi.org/10.1016/J.ENVINT.2018.11.004.

Ohura, T., Amagai, T., Senga, Y., Fusaya, M., 2006. Organic air pollutants inside and
outside residences in Shimizu, Japan: levels, sources and risks. Sci. Total Environ.
366, 485-499. https://doi.org/10.1016/J.SCITOTENV.2005.10.005.

Oxford Centre for Triple Value Healthcare Ltd, 2018. Critical Appraisal Skills
Programme. WwwCasp-UkNet n.d.

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, I., Hoffmann, T.C., Mulrow, C.D.,
et al., 2021. The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. BMJ 372, n71. https://doi.org/10.1136/bmj.n71.

Park, E.Y., Park, E., Kim, J., Oh, J.K., Kim, B., Hong, Y.C., et al., 2020. Impact of
environmental exposure to persistent organic pollutants on lung cancer risk.
Environ. Int. 143, 105925 https://doi.org/10.1016/J.ENVINT.2020.105925.

Petersen, J.M., Barrett, M., Ahrens, K.A., Murray, E.J., Bryant, A.S., Hogue, C.J., et al.,
2022. The confounder matrix: a tool to assess confounding bias in systematic reviews
of observational studies of etiology. Res. Synth. Methods 13, 242-254. https://doi.
org/10.1002/jrsm.1544.

Prats, R.M., van Drooge, B.L., Fernandez, P., Grimalt, J.O., 2022. Occurrence and
temperature dependence of atmospheric gas-phase organophosphate esters in high-

11

Environmental Pollution 347 (2024) 123733

mountain areas (Pyrenees). Chemosphere 292, 133467. https://doi.org/10.1016/J.
CHEMOSPHERE.2021.133467.

Reddel, H., Bacharier, L., Bateman, E.D., Becker, A., Brusselle, G., Buhl, R., et al., 2019.
Global Strategy for Asthma Management and Prevention.

Rodgers, K.M., Bennett, D., Moran, R., Knox, K., Stoiber, T., Gill, R., et al., 2021. Do
flame retardant concentrations change in dust after older upholstered furniture is
replaced? Environ. Int. 153, 106513 https://doi.org/10.1016/j.envint.2021.106513.

Rodgers, T.F.M., Giang, A., Diamond, M.L., Gillies, E., Saini, A., 2023. Emissions and fate
of organophosphate esters in outdoor urban environments. Nat. Commun. 14, 1175.
https://doi.org/10.1038/541467-023-36455-7.

Saini, A., Clarke, J., Jariyasopit, N., Rauert, C., Schuster, J.K., Halappanavar, S., et al.,
2019. Flame retardants in urban air: a case study in Toronto targeting distinct source
sectors. Environ. Pollut. 247, 89-97. https://doi.org/10.1016/J.
ENVPOL.2019.01.027.

Sharkey, M., Harrad, S., Abou-Elwafa Abdallah, M., Drage, D.S., Berresheim, H., 2020.
Phasing-out of legacy brominated flame retardants: the UNEP Stockholm Convention
and other legislative action worldwide. Environ. Int. 144, 106041 https://doi.org/
10.1016/J.ENVINT.2020.106041.

Shoeib, M., Ahrens, L., Jantunen, L., Harner, T., 2014. Concentrations in air of
organobromine, organochlorine and organophosphate flame retardants in Toronto,
Canada. Atmos. Environ. 99, 140-147. https://doi.org/10.1016/J.
ATMOSENV.2014.09.040.

Soriano, J.B., Kendrick, P.J., Paulson, K.R., Gupta, V., Abrams, E.M., Adedoyin, R.A.,
et al., 2020. Prevalence and attributable health burden of chronic respiratory
diseases, 1990-2017: a systematic analysis for the Global Burden of Disease Study
2017. Lancet Respir. Med. 8, 585-596. https://doi.org/10.1016,/52213-2600(20)
30105-3.

Souto-Miranda, S., Gongalves, A.-C., Valente, C., Freitas, C., Sousa, A.C.A., Marques, A.,
2020. Environmental awareness for patients with COPD undergoing pulmonary
rehabilitation: is it of added value? Int. J. Environ. Res. Publ. Health 17. https://doi.
org/10.3390/ijerph17217968.

Sugeng, E.J., deCock, M., Schoonmade, L.J., van de Bor, M., 2017. Toddler exposure to
flame retardant chemicals: magnitude, health concern and potential risk- or
protective factors of exposure: observational studies summarized in a systematic
review. Chemosphere 184, 820-831. https://doi.org/10.1016/J.
CHEMOSPHERE.2017.06.041.

Union, O., 2018. OECD publishing. Paris/European union B. “Mortality from respiratory
diseases”. In: Health at a Glance: Europe 2018: State of Health in the EU Cycle. Paris/
European Union, Brussels. https://doi.org/10.1787 /health_glance_eur-2018-12-en.

VanderWeele, T.J., Ding, P., 2017. Sensitivity analysis in observational research:
introducing the E-value. Ann. Intern. Med. 167, 268-274. https://doi.org/10.7326/
M16-2607.

Viegi, G., Taborda-Barata, L., 2022. A series of narrative reviews on air pollution and
respiratory health for Pulmonology: why it is important and who should read it.
Pulmonology 28, 243-244. https://doi.org/10.1016/j.pulmoe.2021.12.010.

Wang, C., Chen, H., Li, H., Yu, J., Wang, X., Liu, Y., 2020. Review of emerging
contaminant tris(1,3-dichloro-2-propyl)phosphate: environmental occurrence,
exposure, and risks to organisms and human health. Environ. Int. 143, 105946
https://doi.org/10.1016/J.ENVINT.2020.105946.

Wang, X., Hales, B.F., Robaire, B., 2021. Effects of flame retardants on ovarian function.
Reprod. Toxicol. 102, 10-23. https://doi.org/10.1016/J.REPROT0X.2021.03.006.

Wannomai, T., Matsukami, H., Uchida, N., Takahashi, F., Tuyen, L.H., Viet, P.H., et al.,
2020. Bioaccessibility and exposure assessment of flame retardants via dust
ingestion for workers in e-waste processing workshops in northern Vietnam.
Chemosphere 251, 126632. https://doi.org/10.1016/J.
CHEMOSPHERE.2020.126632.

Wannomai, T., Matsukami, H., Uchida, N., Takahashi, F., Tuyen, L.H., Viet, P.H., et al.,
2021. Inhalation bioaccessibility and health risk assessment of flame retardants in
indoor dust from Vietnamese e-waste-dismantling workshops. Sci. Total Environ.
760, 143862 https://doi.org/10.1016/J.SCITOTENV.2020.143862.

Wong, F., de Wit, C.A., Newton, S.R., 2018. Concentrations and variability of
organophosphate esters, halogenated flame retardants, and polybrominated
diphenyl ethers in indoor and outdoor air in Stockholm, Sweden. Environ. Pollut.
240, 514-522. https://doi.org/10.1016/J.ENVPOL.2018.04.086.

Xu, F., Eulaers, 1., Alves, A., Papadopoulou, E., Padilla-Sanchez, J.A., Lai, F.Y., et al.,
2019. Human exposure pathways to organophosphate flame retardants: associations
between human biomonitoring and external exposure. Environ. Int. 127, 462-472.
https://doi.org/10.1016/J.ENVINT.2019.03.053.

Yaman, B., Dumanoglu, Y., Odabasi, M., 2020. Measurement and modeling the phase
partitioning of organophosphate esters using their temperature-dependent
Octanol-air partition coefficients and vapor pressures. Environ. Sci. Technol. 54,
8133-8143. https://doi.org/10.1021/acs.est.0c02823.

Yan, Z., Jin, X., Liu, D., Hong, Y., Liao, W., Feng, C., et al., 2021. The potential
connections of adverse outcome pathways with the hazard identifications of typical
organophosphate esters based on toxicity mechanisms. Chemosphere 266, 128989.
https://doi.org/10.1016/J.CHEMOSPHERE.2020.128989.

Zhao, A., Wei, C., Xin, Y., Wang, X., Zhu, Q., Xie, J., et al., 2023. Pollution profiles,
influencing factors, and source apportionment of target and suspect
organophosphate esters in ambient air: a case study in a typical city of Northern
China. J. Hazard Mater. 444, 130373 https://doi.org/10.1016/J.
JHAZMAT.2022.130373.

Zhu, H., Zhang, H., Lu, K., Yang, S., Tang, X., Zhou, M., et al., 2022. Chlorinated
organophosphate flame retardants impair the lung function via the IL-6/JAK/STAT
signaling pathway. Environ. Sci. Technol. 56, 17858-17869. https://doi.org/
10.1021/acs.est.2c05357.


https://doi.org/10.1183/09031936.00159011
https://doi.org/10.3978/j.issn.2072-1439.2015.11.50
https://doi.org/10.3978/j.issn.2072-1439.2015.11.50
https://doi.org/10.1093/humupd/dmaa037
https://doi.org/10.1093/humupd/dmaa037
https://doi.org/10.1016/J.SCITOTENV.2023.165272
https://doi.org/10.1016/J.CHEMOSPHERE.2013.12.064
https://doi.org/10.1016/J.ENVINT.2019.01.065
https://doi.org/10.1016/J.ENVINT.2019.01.065
https://doi.org/10.1289/EHP1632
https://doi.org/10.3390/ijerph15071352
https://doi.org/10.3390/ijerph15071352
https://doi.org/10.1016/J.ENVINT.2019.03.009
https://doi.org/10.1016/J.SCITOTENV.2022.155422
https://doi.org/10.1016/J.SCITOTENV.2022.155422
https://doi.org/10.1016/J.ENVINT.2023.108254
https://doi.org/10.1016/J.ENVINT.2023.108254
https://doi.org/10.1016/J.SCITOTENV.2018.07.304
https://doi.org/10.1016/J.SCITOTENV.2018.07.304
https://doi.org/10.1021/acs.est.2c05911
https://doi.org/10.1021/acs.est.2c05911
https://doi.org/10.1016/j.aller.2012.03.001
https://doi.org/10.1016/j.aller.2012.03.001
https://doi.org/10.1016/j.envpol.2015.12.006
https://doi.org/10.1016/j.envpol.2015.12.006
https://doi.org/10.1016/j.envres.2015.12.026
https://doi.org/10.1016/J.ENVINT.2022.107209
https://doi.org/10.1016/J.CHEMOSPHERE.2019.125600
https://doi.org/10.1016/J.ENVINT.2018.11.004
https://doi.org/10.1016/J.SCITOTENV.2005.10.005
http://refhub.elsevier.com/S0269-7491(24)00447-0/sref46
http://refhub.elsevier.com/S0269-7491(24)00447-0/sref46
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1016/J.ENVINT.2020.105925
https://doi.org/10.1002/jrsm.1544
https://doi.org/10.1002/jrsm.1544
https://doi.org/10.1016/J.CHEMOSPHERE.2021.133467
https://doi.org/10.1016/J.CHEMOSPHERE.2021.133467
http://refhub.elsevier.com/S0269-7491(24)00447-0/sref51
http://refhub.elsevier.com/S0269-7491(24)00447-0/sref51
https://doi.org/10.1016/j.envint.2021.106513
https://doi.org/10.1038/s41467-023-36455-7
https://doi.org/10.1016/J.ENVPOL.2019.01.027
https://doi.org/10.1016/J.ENVPOL.2019.01.027
https://doi.org/10.1016/J.ENVINT.2020.106041
https://doi.org/10.1016/J.ENVINT.2020.106041
https://doi.org/10.1016/J.ATMOSENV.2014.09.040
https://doi.org/10.1016/J.ATMOSENV.2014.09.040
https://doi.org/10.1016/S2213-2600(20)30105-3
https://doi.org/10.1016/S2213-2600(20)30105-3
https://doi.org/10.3390/ijerph17217968
https://doi.org/10.3390/ijerph17217968
https://doi.org/10.1016/J.CHEMOSPHERE.2017.06.041
https://doi.org/10.1016/J.CHEMOSPHERE.2017.06.041
https://doi.org/10.1787/health_glance_eur-2018-12-en
https://doi.org/10.7326/M16-2607
https://doi.org/10.7326/M16-2607
https://doi.org/10.1016/j.pulmoe.2021.12.010
https://doi.org/10.1016/J.ENVINT.2020.105946
https://doi.org/10.1016/J.REPROTOX.2021.03.006
https://doi.org/10.1016/J.CHEMOSPHERE.2020.126632
https://doi.org/10.1016/J.CHEMOSPHERE.2020.126632
https://doi.org/10.1016/J.SCITOTENV.2020.143862
https://doi.org/10.1016/J.ENVPOL.2018.04.086
https://doi.org/10.1016/J.ENVINT.2019.03.053
https://doi.org/10.1021/acs.est.0c02823
https://doi.org/10.1016/J.CHEMOSPHERE.2020.128989
https://doi.org/10.1016/J.JHAZMAT.2022.130373
https://doi.org/10.1016/J.JHAZMAT.2022.130373
https://doi.org/10.1021/acs.est.2c05357
https://doi.org/10.1021/acs.est.2c05357

	Relationship between flame retardants and respiratory health– A systematic review and meta-analysis of observational studies
	1 Introduction
	2 Methods and analysis
	2.1 Eligibility criteria for study selection
	2.1.1 Population
	2.1.2 FRs exposure
	2.1.3 Comparator
	2.1.4 Main outcomes
	2.1.5 Types of studies included
	2.1.6 Search strategy
	2.1.7 Data extraction and selection process
	2.1.8 Data collected
	2.1.9 Risk of bias (quality) assessment
	2.1.10 Data synthesis


	3 Results
	3.1 Description of studies
	3.2 Chronic respiratory diseases
	3.3 Exposure to flame retardants
	3.4 Risk of bias in included studies
	3.5 Association between FRs exposure and chronic respiratory diseases

	4 Discussion
	4.1 Summary of key findings
	4.2 Strengths and limitations of the review
	4.3 Comparison with other studies
	4.4 Interpretation and implications of the findings

	5 Conclusions
	Ethical considerations
	Data sharing
	Differences between protocol and review
	Prospero protocol registration no
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments and sources of support
	Appendix A Supplementary data
	References


