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Abstract: Diet is the primary exposure pathway for phthalates, but relative contributions of other
exposure sources are not well characterized. This study quantifies the relative contribution of
indoor residential dust phthalate and phthalate alternative concentrations to total internal dose
estimated from the National Health and Nutrition Examination Survey (NHANES) urinary metabolite
concentrations. Specifically, median phthalate and phthalate alternative concentrations measured in
residential dust were determined by updating a pre-existing systematic review and meta-analysis
published in 2015 and the attributable internal dose was estimated using intake and reverse dosimetry
models. Employing a predetermined search strategy, 12 studies published between January 2000 and
April 2022 from Web of Science and PubMed measuring phthalates and phthalate alternatives in
residential dust were identified. From the data extracted, it was estimated that dust contributed more
significantly to the internal dose of low-molecular weight chemicals such as DEP and BBP when
compared to high-molecular weight chemicals such as DEHTP. Additionally, findings showed that
the chemical profile of residential dust is changing temporally with more phthalate alternatives being
detected in the indoor environment. Future studies should seek to characterize the contribution of
dust to an overall phthalate and phthalate alternative intake for individuals who have higher than
normal exposures.

Keywords: phthalate; phthalate alternative; meta-analysis; reverse dosimetry; indoor residential
dust; systematic review

1. Introduction

Ortho-phthalate esters and alternatives to ortho-phthalate esters (referred to as phtha-
lates and phthalate alternatives hereafter) are commonly added to plastics to increase their
flexibility, transparency, durability, and longevity [1]. They are also commonly used as
solvents, stabilizers, and additives in cosmetics, medical devices, household, and personal
care products [2,3].

Phthalates are a high-production chemical class with more than 470 million pounds
produced or imported into the United States each year [4]. Over the last few decades,
exposure to phthalates has been linked to serious health effects, including reproductive
toxicity and neurodevelopmental harm, which has led to a ban of the use of several
phthalates in children’s products by the U.S. Consumer Product Safety Commission [5–9].
The concern surrounding the safety of the use of phthalates in consumer products had
led to an increase in the use of phthalate alternatives such as citrates, terephthalates and
adipates in consumer products, but less is known about their toxicity and distribution in the
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indoor residential environment [10,11]. However, due to their extensive use in a variety of
consumer products for decades, phthalates are still found in relatively high concentrations
in the indoor environment [12]. Since phthalates bind weakly to the materials they are
added to, they easily leach, migrate, or off-gas into environmental media. Studies show that
diet is likely the main source of human exposure to phthalates [13];, however, other sources
of exposure such as indoor air and dust can contribute significantly to an individual’s daily
phthalate intake depending on their age and lifestyle [14–16].

Starting in December 2019, EPA launched risk evaluations for seven phthalates—dibutyl
phthalate (DBP), benzyl butyl phthalate (BBP), bis(2-ethylhexyl) phthalate (DEHP), di-
isobutyl phthalate (DiBP), dicyclohexyl phthalate (DCP), diisodecyl phthalate (DIDP), and
diisononyl phthalate (DiNP) under the Toxic Substances Control Act (TSCA). When evalu-
ating the human health risk posed by these phthalates, TSCA requires EPA to examine all
reasonably foreseeable routes and pathways through which humans are exposed, which
must include exposures occurring via residential dust [17]. However, few studies provide
information on the contributions of individual exposure sources and routes to a person’s
total internal phthalate exposure. Further, given the increase in the use of phthalate al-
ternatives, it is also vital to characterize the distribution of phthalate alternatives in the
environment and their contribution to an individual’s exposome.

On average, people living in the US spend 90% of their time indoors and nearly 70%
in residential environments [18]. The amount of time spent indoors is even higher for
individuals who are highly susceptible to the impacts of pollution, such as young children
and people with underlying health conditions, highlighting the importance of the home
environment when characterizing phthalate and phthalate alternative exposures. In the
indoor environment, phthalates are known to partition between dust, air, and exposed sur-
faces such as skin [19], leading to potential human exposure through inhalation, ingestion,
and dermal absorption [20–22]. Studies have shown that the analysis of household dust
provides a snapshot of the types of phthalates and phthalate alternatives present in the
indoor environment [23,24]. As such, measured or modeled dust concentrations can be
used to estimate the partition of chemical substances between the air, airborne particles,
and other various surfaces, thereby allowing for the characterization of total residential
exposures and related intake [25–28]. Furthermore, infants and young children are more
exposed to chemicals found in dust when compared to other age groups, since they crawl
and play on the floor and are more likely to engage in hand-to-mouth behavior [12,21,29].
As such, understanding phthalate and phthalate alternative levels present in dust can
provide critical insights into an individual’s phthalate and phthalate alternative exposures
during early life.

This systematic review and meta-analysis synthesize evidence to quantify levels of
phthalates and phthalate alternatives in indoor residential settled dust levels across the
US general population. Building on evidence presented by Mitro et al. in 2015 [5], we
methodically screened relevant studies to obtain a central point estimate (median) of resi-
dential dust phthalate and phthalate alternative concentrations. The point estimates of the
chemical substances included in the meta-analysis were then used to obtain daily intake
rate estimates for the relevant exposure routes for toddlers (3 to <6 years) and adults
(≥21 years). Finally, we used a reverse dosimetry model to infer daily intake estimates
from the total measured urinary metabolites for each included chemical (using phthalate
and phthalate alternative urinary metabolite levels reported in the National Health and
Nutrition Examination Survey (NHANES)). This represented the overall phthalate and
phthalate alternative internal dose in the general population irrespective of source, route,
or pathway of exposure. We then compared the daily dust intake rate estimates (systematic
review/meta-analysis) to the overall daily intake rate estimates (NHANES) to determine
the proportion of internal phthalate and phthalate alternative dose attributable to mea-
sured indoor residential phthalate and phthalate alternative dust concentrations for the
included study populations. Finally, we provided a summarized toxicity profile for each
detected chemical substance to provide context for potential human health effects. These
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methodologies were employed to quantify the contribution of indoor phthalate and phtha-
late alternative dust concentration levels to internal phthalate and phthalate alternative
exposure levels in the US general population.

2. Methods
2.1. Study Inclusion and Exclusion Criteria

To obtain an estimate of the median phthalate and phthalate alternative dust con-
centration levels in the residential indoor environment, we updated a systematic review
and meta-analysis carried out and published by Mitro et al. in 2015 [5]. The preceding
review carried out an exhaustive literature search of Web of Science and PubMed for dust
analysis studies published from January 2000 to February 2015. Building on the previous
review, we conducted a search for residential indoor dust analysis studies published from
March 2015 to April 2022 using the same databases.

The studies included in the present review met the eligibility criteria if the study was
peer-reviewed, dust samples were collected in the US during or after the year 1999, samples
were from an indoor residential environment, collected using a vacuum cleaner (either
vacuumed dust collected by study team or from an existing bag), and measured phthalates
and/or phthalate alternatives. Studies were excluded if they did not include primary data,
the location where study was conducted was unclear, or were not in English.

2.2. Systematic Literature Search

PubMed and Web of Science were searched for all peer-viewed document types using
the following search criteria, [phthalate*] AND [dust*]. The literature search was filtered by
language: English and species: human. The literature identified in the database searches
was imported into the web-based systematic review management software, Covidence
(Veritas Health Innovation, Melbourne, Australia [30]).

2.3. Screening of Studies

In Covidence, the title and abstract of the imported studies were de-duplicated and
then manually screened by two independent reviewers for relevancy to the pre-determined
eligibility criteria. Screening consensus between reviewers was greater than 90%. Conflicts
in inclusion decisions made by the reviewers were tracked in the software and were
resolved through discussions with a third reviewer. Studies determined to be relevant
at the title and abstract review stage by the screeners were moved to the full text review
stage in Covidence. Here, the full text for the studies that were included at the title and
abstract level were uploaded and independently reviewed against the eligibility criteria.
Conflicts at this stage were also resolved through discussions with a third reviewer. From
the previously published review, five studies met our eligibility criteria and were included
at the full text review stage. To reduce the chances of missing a relevant study, we also
conducted a manual review of the reference list of studies screened at the full text review
stage. No additional studies were identified through this manual review. Studies that were
included after full text screening advanced to the data extraction step to be included in
the meta-analysis.

2.4. Strength of Evidence Assessment

During data extraction, descriptive information such as duration and location of study,
quality control and assurance methods used, and the presence or absence of a demographic
description of the occupants of the residential environment were noted. Quantitative
information, such as phthalate and phthalate alternative dust concentrations, size of dust
sampling sieve, and the treatment of below-method of detection limit (MDL) measurements
were also extracted. The summarized extracted information was used to support the
strength of evidence assessment (see Supplementary Information (SI): Table S6).

An amended version of the strength of evidence tool for epidemiology studies de-
scribed in DeLuca et al. (2021) was used to assess the strength of evidence for all the studies
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included in the meta-analysis [31]. The strength of evidence across the studies was indepen-
dently judged by two reviewers for each of the following criteria: exposure measurement,
participant selection and analysis. The reviewers assigned a rating of “good”, “adequate”,
or “deficient” for each domain and recorded their reasoning for the rating assigned to each
study. The results of this assessment can be found in SI: Table S10. A study was thought
to have a low risk of bias if its overall risk of bias rating was either “good” or “adequate”
and was thought to have high risk of bias if its overall risk of bias rating was “deficient”.
Discrepancies between the judgments and ratings were resolved through discussion by
the two reviewers. The impact of studies categorized as having a high risk of bias on the
overall pooled phthalate and phthalate alternative concentrations was explored using a
sensitivity analysis.

2.5. Meta-Analysis of Phthalate and Phthalate Alternative Dust Concentrations

The dust concentrations for phthalates and phthalate alternatives detected in ≥50%
of samples in at least two studies were extracted for use in the meta-analysis. If samples
were reported for different exposure scenarios (e.g., different seasons or in different types
of homes), we reported dust measurements separately and included the measurements in
the meta-analysis as a separate study record [22,32]. Therefore, we included 15 datasets as
our unit of analysis in the meta-analysis.

As all the studies reported medians instead of means as the measure of center, a
weighted median of medians approach was taken to estimate the pooled median phthalate
and phthalate alternative concentrations [33]. Under this approach, the weights, or the
frequency with which the study-specific medians appeared, were directly proportional to
the number of subjects and normalized to a sum of 1. It was assumed that the weights were
independent of the observed study medians and that the observed study medians were
drawn from a distribution with a median equal to the population median. The weighted
median of medians’ approach was implemented using the meta-median R package available
on CRAN (https://CRAN.R-project.org/package=metamedian, version 0.1.6, accessed on
31 October 2022).

2.6. Sensitivity Analysis Exploring the Impact of Studies with a High Risk of Bias

The potential influence of studies with a high risk of bias on the estimated pooled
weighted median dust concentrations for each chemical substance was explored by com-
paring the relative percentage point difference (PPD) between the pooled weighted median
concentrations, when all studies were included and when only the studies deemed as
having a low risk of bias were included in the analysis. A PPD of less than 10% was
considered acceptable.

2.7. Daily Intake Rate Assessment from Dust Concentrations

The residential daily intake rate (ug/kg-day) for each chemical included in the meta-
analysis was predicted for children (3 to <6 years) and adults (≥21 years) using the esti-
mated and pooled median concentrations. As infants and young children are more exposed
and vulnerable to chemical exposures from dust, we were interested in the difference
between their daily intake rate and that of adults. To estimate the total internal exposure
of phthalate or phthalate alternative levels, we relied on urinary metabolite data from the
NHANES 2017–2018 survey cycle. As the 2017–2018 survey cycle did not include urine
metabolite levels for children under the age of 3, we limited the age range in our study of
infants/children to 3–5 years. We estimated the daily residential intake rate from indoor
dust for adults and children for three exposure routes: dust ingestion, dermal absorption
from the gas phase, and inhalation of air (see Table 1). Dermal absorption from dust
adhered to skin was excluded, as the contribution of exposure from this route has been
shown to be negligible [5,19].

https://CRAN.R-project.org/package=metamedian
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Table 1. Exposure Factors for Both Adults (≥21 years old) and Children (3–<6 years), and Equations
Used to Estimate Intake Rate from Dust, Dermal Uptake from the Gas Phase, and Inhalation of Air.

Dust Ingestion Intake, ug/kg-day = (Dust Conc. xIR × ED)/BW

Exposure Factors Value Source

Dust Concentration data (Conc.): ug/g dust Study data
(see Table S11) -

Ingestion Rate (IR): g dust/day

Child (2 to <6 years) 2:
0.030 (central tendency)
0.100 (95th percentile)

US EPA Exposure Factors Handbook
Table 5-1 (2017 update)

Adult:
0.020 (central tendency)
0.060 (95th percentile)

US EPA Exposure Factors Handbook
Table 5-1 (2017 update)

Exposure duration at home (fraction of time
per day spent at home)

Child: 0.861 Abdallah et al. (2014) [34]

Adult: 0.638 Abdallah et al. (2014) [34]

Body Weight (BW): kg

Child (3 to <6 years) 2:
17.8 (central tendency)

US EPA Exposure Factors Handbook
Table 8.3 (2011)

Adult:
76.9 (central tendency)

US EPA Exposure Factors Handbook
Table 8.3 (2011)

Air Inhalation Intake, ug/day-kg = (Total Air Conc. (ug/m3) × Vol. of Air Inhaled × ED)/BW

Total Air Concentration (ug/m3) Varies by chemical 1 -

Volume of Air Inhaled (m3/day)
Child (3 to <6 years) 2:

12.64 (central tendency)
15.41 (95th percentile)

US EPA Exposure Factors Handbook
Table 6-16 (2011)

Adult:
18.63 (central tendency)
25.16 (95th percentile)

US EPA Exposure Factors Handbook
Table 6-16 (2011)

Dermal Exposure through Air Intake, ug/kg-day = (Gaseous Air Conc. (ug/m3) × (Indoor Air Transdermal Permeability /100)
× Body SA × ET)/BW

Gaseous Air Concentration (ug/m3) Varies by chemical 1 -

Indoor Air Transdermal Permeability (cm) Varies by chemical 1 -

Body Surface Area, m2
Child (3 to <6 years):

0.76 (central tendency)
0.95 (95th percentile)

US EPA Exposure Factors Handbook
Table 7-1 (2011)

Adult (male) 3:
2.07 (central tendency)
2.47 (95th percentile)

US EPA Exposure Factors Handbook
Table 7-1 (2011)

Exposure in hours (daily) Child: 21 Based on assumed exposure duration at
home, observed above

Adult: 15 Based on assumed exposure duration at
home, observed above

(1) See Supplemental Information for the equations used to calculate these parameters. (2) The recommended
values for dust ingestion, body weight, and volume of air inhaled were averaged across the relevant age groups,
as referenced in the indicated version of the EPA Exposure Factors Handbook. Adults were defined as individuals
21 years and older unless otherwise defined in the Exposure Factors Handbook. (3) The recommended values for
total body surface area for adult males (averaged) was used as the surface area. This is because males on average
have a larger surface area than females.

A previously validated partitioning model [26] was used to predict the total air con-
centration for all phthalates and phthalate alternatives measured in dust, except dimethyl
phthalate (DMP) and diethyl phthalate (DEP). The model assumes that equilibrium parti-
tioning is governed by the physical–chemical process of absorption in the organic fraction
of dust, making octanol a suitable chemical model for the organic matter in dust for
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sorption [25,26]. Simplified mass transfer models sometimes fail to account for the full
range of complexities associated with the dynamic transfer of phthalate particles in the
indoor environment, which can impact the prediction of air-phase phthalate concentrations
from the dust phase [35]. However, the present model has been shown to correlate well
(R2 = 0.8) between measured and predicted concentrations [26].

As DEP and DMP exist mostly in the gas phase, each chemical’s gas phase concentra-
tion was estimated by assuming a linear relationship between the mass fraction in settled
dust and the gas phase concentration [19] (See Supplemental Information). The equations
and the exposure factors used to determine individual daily intake rates for the other
phthalate and phthalate alternatives from the co-occurring exposure routes can be found
in Table 1.

Physiochemical properties for each chemical, including the octanol–water coefficient
(Kow), octanol–air partitioning coefficient (Koa), air-water distribution ratio (Kaw), Henry’s
law constant and molecular weight, which were used to compute each intake prediction,
were pulled from EPA’s EPI Suite (v4.11), as reported in Mitro et al., Schossler et al., and
the EPA CompTox Dashboard [5,36–39]. In the instances where the Kaw for a specific
chemical substance was not reported, it was calculated using the formula reported in the
Supplemental Information.

2.8. Total Daily Intake-Rate Estimated from Metabolite Concentrations in Urine

“Total daily dose or total daily intake-rate” was determined using phthalate and
phthalate alternative urinary metabolite concentrations measured during the NHANES
2017–2018 cycle [40]. We estimated the total daily dose for each parent chemical mea-
sured in dust from their urinary metabolite concentrations using the dose reconstruction
formula shown below. The NHANES biomonitoring data incorporated into the formula
represent the total phthalate and phthalate alternative dose in the general population from
non-specific sources for adults (21 years and older) and children (3–5 years). The dose
reconstruction formula below has previously been applied in the literature [41–46].

Dose reconstruction formula:

Daily intake rate (ug/kg-day) =
UER

(
ug

day∗kg BW

)
∗ MWp

FUE ∗ MWm
,

where UER represents the body-weight-adjusted urinary excretion rate for each age group,
FUE is the molar fraction that describes the sum molar ratio between the excreted amounts
of the metabolites of each phthalate and phthalate alternative corresponding to the intake
of the parent phthalate, MWp is the molar weight of the phthalate ester parent compound,
and MWm is the molar weight of the corresponding phthalate monoester. When a phthalate
or phthalate alternative had multiple measured metabolites, the sum of the intake rates
across the metabolites was taken. If a metabolite shared a parent phthalate, the urinary
concentration was divided in half amongst the parent molecules and then the intake rate
was calculated.

The urinary excretion rate (UER) for each phthalate and phthalate alternative was
calculated by:

UER
(

ug
kg per day

)
=

UEcrea

(
ug

gcrea

)
∗CE

(
g

day

)
BW (kg)

,

where CE is the mean creatinine excretion rate specific to the weight, height, and sex of
the individuals within each age group and UEcrea is the urinary creatinine-adjusted uri-
nary phthalate or phthalate alternative concentration level at the 50th percentile. Both
variables were estimated using the NHANES 2017–2018 data after accounting for the
sampling design using the package “survey” [47] in the R statistical programming en-
vironment (https://CRAN.R-project.org/web/packages/survey, version 4.1-1, assessed
on 9 February 2023). CE for each age group was calculated using a set of equations pro-
posed by Mage et al. [48,49] using the following variables from the NHANES dataset:

https://CRAN.R-project.org/web/packages/survey
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RIAGENDR, BMXHT, RIAAGEYR, and BMXWT. UEcrea was determined using the follow-
ing formula from a study of Danish children 6–11 years of age, carried out by the Ministry
of Environment and Food of Denmark Environmental Protection Agency (EPA) [50]:

UEcrea

(
ug

gcrea

)
=

UC
(ug

L
)
∗ 1000

(
mg
g

)
UCcrea

(
mmol

L

)
∗ MWcrea

( mg
mmol

) ,

where UE is the urinary excretion of the urinary phthalate and phthalate alternative
metabolites per gram of creatinine for each age sub-population, UC is the median-measured
urinary concentration of each compound, UCcrea is the median age-group-specific urinary
concentration of creatinine, and MWcrea is the molecular mass (114 mg/mmol) for creatinine.
The median age-group-specific urinary concentration of creatinine was obtained from the
adjusted NHANES 2017–2018 survey data. A creatinine-based method was used to predict
the glomerular filtration rate, as it included various physiological parameters for the age
groups of concern and had the relevant parameters available in the NHANES dataset.

In the dose reconstruction formula, the molar fraction, (FUE), which describes the molar
ratio between the excreted amounts of the metabolites of each phthalate and phthalate alter-
native, was determined based on the proportional relationships previously assumed in the
literature [46,51–56]. A 1:1 stoichiometry of the parent to metabolite molecule was assumed
unless otherwise indicated by simplified molecular-input line-entry system (SMILES) de-
scriptors available for the parent and metabolites. Our approach assumes a steady state
with mass balance, which implies that the predicted intake values were due to a constant
rate of exposure to the phthalates or phthalate alternatives detected in dust, minimizing
the need for information on additional parameters, such as chemical-specific biological
half-lives and timing of exposures [57].

2.9. Comparing Daily Intake Rates

The contribution of residential dust concentrations to the total internal phthalate and
phthalate alternative dose was determined by comparing the daily intake rates computed
from residential dust concentration data along with NHANES biomonitoring data.

2.10. Hazard Identification

The potential human health hazards associated with exposure to each chemical sub-
stance included were summarized from the California Safer Consumer Products Candidate
Chemical (SCP CC) list [58], EPA’s Integrated Risk Information System (IRIS) [59] and
Pharos—Hazard Lists [60] in the form of a hazard matrix. The matrix serves as a reference
to the associated health outcomes linked to the exposure to the phthalates and phthalate
alternatives detected in residential dust. The criteria used to identify hazard traits are
specific to the included lists. The SCP CC is comprised of 23 domestic and international
authoritative lists and Pharos—Hazard Lists compiles human and environmental health
information from 47 authoritative scientific lists and 32 restricted substance lists. Finally,
EPA’s IRIS assessments include toxicity information used by state and local health agencies,
other federal agencies, and international health organizations. The hazard traits associated
with each phthalate and phthalate alternative were grouped in the following broad cate-
gories: carcinogenicity, developmental toxicity, digestive/hepatotoxicity, endocrine toxicity,
eye irritation/corrosivity, immunotoxicity, neurotoxicity, ocular, skin irritation/corrosivity,
reproductive toxicity, and respiratory toxicity. The strength of evidence used to identify a
hazard trait was indicated in the matrix.

3. Results and Discussion
3.1. Systematic Literature Search

Our search identified 225 articles for the updated timeframe (March 2015–April 2022),
of which 197 titles and abstracts were screened for relevancy. Eight were selected for full
text review, of which seven were deemed relevant to our research question. The seven
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newly identified studies along with the five previously identified studies were included in
our review for a total of 12 studies (see Figure 1).
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3.2. Meta-Summary of Included Studies/Strength of Evidence Assessment

From the 12 studies included in this review, 23 phthalates and phthalate alternatives
were measured (see SI: Tables S1 and S2). We relied on the full reported chemical name to
ensure that each phthalate and phthalate alternative was correctly identified. A little over
half (n = 12) of these chemicals were detected with a frequency of ≥50% in the respective
dust samples and were measured in at least two studies (see Table 2). Most of the studies
included targeted analysis approaches, while a few were identified using suspect screening
or non-target approaches [12,22,26,32,62–69].

The underlying study populations and dust samples were drawn from nine states,
mostly located on the East Coast near research institutions (see SI: Figure S1). In the results
of the meta-analysis, there was a lack of representation of many population subgroups,
including Native and Indigenous communities that inhabit the mid-west or western US,
Hawaiian and Alaskan communities. Further, the studies rarely reported extensive demo-
graphic information for individuals occupying the residential environments, making it
difficult to determine the demographic groups represented in past studies. This limits the
generalizability of this study, as previous studies have indicated that phthalate exposure
is influenced by socioeconomic status, race/ethnicity and gender [12,20,70,71]. As such,
seven of the 12 studies received a deficient ranking in the participant/house selection risk
of bias domain.
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Table 2. Phthalates and Phthalate Alternatives Included in Meta-Analysis.

CASRN Abbreviation Substance Name

131-11-3 DMP Dimethyl phthalate
84-69-5 DiBP Diisobutyl phthalate
84-66-2 DEP Diethyl phthalate
84-74-2 DBP Dibutyl phthalate
85-68-7 BBP Benzyl butyl phthalate
117-81-7 DEHP Bis(2-ethylhexyl) phthalate
84-75-3 DHP Dihexyl phthalate
117-84-0 DnOP Dioctyl phthalate

28553-12-0 DiNP Diisononyl phthalate

4654-26-6; 6422-86-2 DOTP, DEHT or DEHTP Dioctyl terephthalate or bis
(2-ethylhexyl terephthalate)

77-90-7 ATBC Acetyl tributyl citrate

103-23-1 DEHA Bis(2-ethylhexyl) adipate or di
(2-ethylhexyl) adipate

We found that dust samples were collected at various temporal points from several
types of residential indoor environments, such as dorms, homes and apartments. Most
of the studies (n = 10) vacuumed shared areas in the home, such as main living areas,
and provided a detailed report of the sampling techniques used. The temperature at
which dust samples were stored after each home visit varied across the studies (−4 to
−21 ◦C) and different sieve sizes (105–2000 µm) were used to sift the dust samples collected.
Despite the differences in quality assurance and control (QA/QC) methods and sampling
techniques used across studies, most authors provided a detailed description of their
QA/QC methods and validation approaches and were given a good/adequate rating in
the exposure measurement domain in the risk of bias analysis. Of the 12 studies, only two
used existing vacuum bags for dust sampling, and accordingly received a deficient ranking
in the exposure measurements’ risk of bias domain.

Similarly, the treatment of data during analysis also differed across studies, but the
statistical results across the studies were well-presented with detailed explanations of how
missing data were addressed and the approaches taken to treat below the limit of detection
values. Consequently, all the studies were given a rating of good/adequate in the analysis
domain of the risk of bias analysis. Overall, 2 of the 12 studies were determined to be at
risk of high bias, while the remaining 10 studies were determined to be at a low risk of bias
(see SI: Figure S2).

3.3. Meta-Analysis of Phthalate and Phthalate Alternative Dust Concentrations

The detection frequencies and median dust concentrations recorded varied signif-
icantly among the selected studies. However, the variation in median dust concen-
trations of phthalates and phthalate alternatives observed in indoor dust is consistent
with the variation observed in dust concentration levels for dust samples previously
reported [12,22,62,69]. For phthalates, the largest variation was observed for the median
dust concentrations reported for DEHP and BBP. For the phthalate alternatives, the median
dust concentration levels reported for ATBC were the most variable. Notably, more studies
reported data sets containing dust concentrations for phthalates compared to phthalate
alternatives, with DEHP being the most reported (n = 15). DEHA was the most reported
phthalate alternative (n = 4). The difference in reporting frequency may be a result of ph-
thalates being more frequently targeted during the analysis of dust samples (see Figure 2).
With less being known about which phthalate alternatives are being phased in to replace
phthalates linked to adverse health outcomes, it is less likely that these compounds are
included in targeted dust analyses.
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Overall, ATBC (a phthalate alternative) had the highest median concentration (271 µg/g)
in indoor residential dust. Of the phthalates, the highest median concentration was ob-
served for DEHP (140 µg/g), which had a similar median dust concentration to its structural
isomer, a phthalate alternative, DEHTP (133.65 µg/g). DMP had the lowest calculated
median dust concentration overall (0.07 µg/g), likely due its high volatility. The dust
concentrations of phthalates and phthalate alternatives observed provide vital insights into
the expected exposure profiles of individuals living in the US.

The reported median concentrations of six chemical substances (DBP, DEHA, DiBP,
DEP, DnOP and DHP) in this updated study fell within the 95% confidence intervals of the
geometric means reported in Mitro et al. in 2015. Two phthalates (BBP and DEHP) had
lower median concentrations (13.64 and 140.00 µg/g, respectively) than the previously
reported lower boundary of the reported 95% confidence interval (22.07 and 168.03 µg/g,
respectively). This is likely linked to the ban of children’s toys or childcare articles con-
taining concentrations of more than 0.1% of BBP and DEHP under the Consumer Product
Safety Improvement Act (CPSIA), effective in 2008 [72]. It has been suggested that there is
a rise in DEHTP and ATBC to replace phthalates, such as DEHP and BBP, that no longer
comply with certain chemical regulations [11,73,74]. DEHTP and ATBC dust concentration
levels were not available in Mitro et al. for comparison.

3.4. Sensitivity Analysis Exploring the Impact of High-Risk Bias Studies

No difference (percent point difference: <10%) was observed between the complete
and low risk of bias estimates generated for all chemical substances, with the exception
of DnOP (see SI: Table S5). Despite the relative percent point change observed in the
estimated median dust concentration levels of DnOP, with the knowledge that no single
study measured only DnOP, it is more likely that this measurement is “true”, and not one
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influenced by bias. Thus, the pooled weighted median dust concentrations obtained from
the use of data extracted from all studies were used in the meta-analysis.

3.5. Daily Intake Rate Calculated from Dust Concentrations

Of the three exposure routes investigated (dust ingestion, dermal absorption from air
and inhalation), dust ingestion contributed the greatest to the overall daily intake rate esti-
mated for each high-molecular weight (HMW) phthalate and phthalate alternative (DEHP,
DnOP, DINP, DEHA, ATBC and DEHTP). For low-molecular weight (LMW) phthalates
(DMP, DEP, DBP, DIBP and BBP), while dust ingestion made a minute contribution to
the overall daily intake, the contributions of the inhalation and dermal absorption from
air routes were more significant. Notably, for the more volatile LMW compounds (DMP
and DEP), dermal absorption from the air dominated the overall proportion of the in-
take, while inhalation accounted for about 10% of the total intake rate (see SI: Figure S4).
Generally, these findings are similar to the findings of Bekö et al. [19] and further con-
firm that the inhalation and dermal absorption from air exposure routes are more signifi-
cant for LMW compounds, while dust ingestion is a more prominent exposure route for
HMW compounds.

The aggregate daily intake rates estimated from dust concentrations for all phthalates
and phthalate alternatives were more than two-times higher for children than adults (see
Figure 3). This is as expected, as children breathe and eat more per unit mass, have a larger
body surface area to mass ratio than adults, and tend exhibit behaviors that increase their
exposure to dust such as crawling and “mouthing” objects found around the home. DEP
had the highest aggregate daily intake rate (1.36 ug/kg-day for children) despite having
the lowest concentration in dust, followed by ATBC, DMP, DEHP and DEHTP. The daily
intake rate for DnOP and DHP, and the phthalate alternative, DEHA, were very low in
comparison to other measured phthalates or phthalate alternatives.
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3.6. Estimated Urine Metabolite Concentration of Phthalates and Phthalate Alternatives

Of the 12 phthalates and phthalate alternatives included in the meta-analysis, only
7 had metabolites that were detected in urine and reported in the NHANES 2017–2018 cohort.
We mapped the phthalates and phthalate alternative metabolites to their parent molecules us-
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ing the information provided in Center of Disease Control’s Laboratory Procedure Manual
associated with that cohort group [75] (see SI: Figure S5).

The sum of the metabolites of the phthalate alternative DEHTP (ΣDEHTP) had the
highest adjusted urinary creatinine concentration for children (3–5 years old), followed
by the sum of the metabolites for DEHP (ΣDEHP) and the metabolite of DEP (MEP) (see
Figure 4). For adults, MEP and ΣDEHTP had the highest urinary creatinine-adjusted
concentrations, followed by ΣDEHP. These metabolite concentrations indicate that it is
likely that exposure to sources containing DEHTP, DEP and DEHP is more common in
the US population for these age groups. DEHTP is commonly used in children’s toys and
food contact materials as a replacement for DEHP [76], while DEP is commonly found in
cosmetics and other fragranced products due to its ability to help scents last longer [4].
Despite children generally having higher exposure levels than adults to the examined
chemical substances, the urinary concentration of MEP was similar for both children
and adults. This indicates that exposure to products containing DEP, such as cosmetics,
medications, lotions and hair-cleaning products, might be similar for adults and children.
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Figure 4. Median creatinine-adjusted phthalate and phthalate alternative metabolite concentrations
(ug/g) from NHANES 2017–2018 survey year for children (3–5 years) and adults (21 years and older).
Chemicals are arranged in order of increasing molecular mass. On the x-axis, the abbreviation of each
phthalate is in black while the abbreviation of each phthalate alternative is in blue.

3.7. Daily Intake Rates from Dust Compared to Daily Intake Rates from NHANES

Intake rates obtained from indoor dust concentrations were compared to intake rates
obtained from NHANES 2017–2018 cycle biomonitoring data. Dust accounted for most of
DEP exposure in both age groups investigated (see Figure 5). In adults, 81% of the total
predicted intake rate of DEP was found to be attributed to exposure to DEP concentrations
in dust from the three exposure routes investigated. While in children, the predicted
DEP dust intake rate exceeded the predicted total DEP intake rate (189%). A similar
pattern of exceedance of total DEP intake estimated from urinary metabolite levels have
been previously observed [19,67]. This exceedance may be linked to the variability in
urinary MEP levels expected throughout the day, as the use of personal care products
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containing DEP varies widely and temporally. This exceedance may also be linked to the
limited reliability of gas-phase concentration predictions for DEP. Dust also accounted
for a measurable proportion of BBP, DiBP and DBP total internal exposure for adults and
children (see Figure 5). For the phthalate alternative, DEHTP, which has elevated dust
concentrations and high internal exposure levels in children and adults [11,73,74], dust
contributed negligibly to the total internal dose (<5%). The contribution of dust to the total
internal dose of DEHP, a phthalate with significant indoor dust concentrations and internal
exposure levels, was also very small (<5%).
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in black while the abbreviation of each phthalate alternative is in blue.

Despite the increasing concentrations of several phthalate alternatives observed in
the indoor dust exposure profile, during the 2017–2018 NHANES survey cycle, only the
metabolites of the phthalate alternative, DEHTP, were measured in urine. Although ATBC
had the highest median concentration in dust and one of the highest daily intake rates
for both age groups (see Figures 2 and 3), the metabolites of ATBC were not measured in
the NHANES 2017–2018 cycle, so we were not able to estimate its contribution to internal
exposure levels.

3.8. Overview of Hazard Identification

Human health hazard traits associated with the phthalates and phthalate alternatives
included in our analysis were identified using IRIS, SCP CCL and Pharos (Figure 6). The
hazard information indicated in the matrix in Figure 6 is not exhaustive and should not
be considered a complete representation of the human health hazards associated with
the chemicals of concern. Of the hazard traits included, carcinogenicity, developmental,
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endocrine, reproductive, and respiratory toxicity were most commonly associated with the
phthalates included in our analysis. Multiple phthalates shared common adverse health
outcomes, including five phthalates that are currently undergoing TSCA risk evaluation
(BBP, DBP, DEHP, DiBP and DiNP). For four of these phthalates, BBP, DBP, DiBP and
DEHP, dust contributed 42%, 12%, 11% and 3%, respectively, of the total internal exposure
observed in children (3 to 5 years old) and 28%, 7%, 7% and 1%, respectively, of the total
internal exposure observed in adults (≥21 years).
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Overall, less hazard information was available for phthalate alternatives compared to
phthalates. The phthalate alternatives detected at higher levels in the indoor environment
and in biomonitoring data (ATBC and DEHTP) are currently not linked to any of the major
hazard traits included in our hazard matrix, which is possibly due to the limited availability
of toxicity data.

4. Limitations of the Study

This systematic review and meta-analysis identified only 12 studies which measured
phthalates and/or phthalate alternatives in the indoor residential environment. Addition-
ally, the underlying data extracted from the included studies represented only nine states
primarily located on the East Coast, thereby limiting the generalizability of the results.
Further, due to the difficulty with obtaining exposure data for all possible exposure scenar-
ios, we relied on modeled data and reported physiochemical parameters to estimate the
contribution of indoor dust exposures to the total internal dose of phthalates and phthalate
alternatives [36,77,78]. However, due to the inherent uncertainties associated with modeled
data, the point estimates we relied on were expected to vary within the margin of error
associated with each prediction.
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Further, our predicted distribution of phthalate and phthalate alternative exposure
in the US general population from dust captured only the exposures expected at the
50th percentile, thereby failing to capture the exposures occurring in highly-exposed and
susceptible subgroups, including certain populations that face a greater risk of experiencing
adverse health effects from indoor chemical exposures when compared to the median
population [5,79,80]. In addition, indoor chemical exposure disparities have been linked
to certain sociodemographic indicators and non-chemical stressors, such as dilapidated
housing, poor sanitation, and differing behavioral and consumption patterns linked to race
and socio-economic class [79,80]. However, it was difficult to examine potential associations
between these factors and indoor dust phthalate and phthalate alternative exposures for
individuals in study households, as sociodemographic information was poorly recorded
across studies. Even with the numerous calls in the literature for exposure studies focused
primarily on the detection of chemicals in the indoor environment, in order to incorporate
questionnaire data so that demographic characteristics of residents are better captured, this
remains a significant gap in the literature. It therefore remains a challenge to characterize
phthalate and phthalate alternative exposure patterns across demographic factors in the
US population.

Despite the aforementioned limitations, this study provides novel insights into the
contributions of dust-related exposure sources and routes to a person’s total phthalate and
phthalate alternative exposure in the US. In addition, this study highlights a critical data gap
for phthalate alternatives being measured in the indoor environment and the corresponding
biomarkers of exposure being measured in individuals. As phthalate alternative levels, such
as ATBC, continue to rise in the indoor environment, researchers should seek to measure
the dust and urinary metabolite concentrations of these chemical substances. Further, this
study adds to a growing body of evidence that measurements of chemical substances in
dust can reliably predict human exposure and support phthalate and phthalate alternative
biomonitoring efforts.

5. Conclusions

Indoor dust can significantly contribute to daily intake levels of phthalates and phtha-
late alternatives via ingestion, inhalation, and dermal absorption from air, and has a greater
influence on the total internal dose of these chemicals in children compared to adults. For
the phthalates BBP, DBP, DiBP, and DEHP that are currently undergoing a risk evaluation
under TSCA, we observed that dust contributed to 42%, 12%, 11% and 3%, respectively,
of the total internal exposure observed in children (3 to 5 years old) and 28%, 7%, 7% and
1%, respectively, of the total internal exposure observed in adults (≥21 years). Further, we
observed that the relative contribution of dust to the overall internal dose of phthalates
and phthalate alternatives varied according to the physio-chemical characteristics of the
chemical. Dust contributed more significantly to the overall intake of LMW chemicals,
such as DEP and BBP, which are more likely to partition to the indoor air from dust. In
comparison, the contribution of dust as a source to the overall internal dose of HMW
phthalates, such as DEHTP and DEHP, was minimal. This illustrates the importance of
understanding the molecular exchange of chemicals between the phases and reservoirs
in the indoor environment when estimating indoor exposure for volatile or semi-volatile
chemical substances.

This study highlights the increased need for researchers to measure phthalate alter-
natives levels in indoor environment matrices and in serum, as data availability in the
literature was limited. In addition, there is a need for exposure studies investigating the
concentrations of chemical substances in the indoor environment to report demographic
information. Future studies should seek to characterize the contribution of dust to a total
internal phthalate and phthalate alternative dose for individuals who have disproportion-
ately high exposures or are more susceptible to harm from chemical exposures, and the
relative contribution of dust to tolerable daily intake levels across exposure percentiles.
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