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A B S T R A C T

Few studies have considered household interventions for reducing endocrine disrupting chemical (EDC) exposures. We conducted a secondary analysis of a ran
domized controlled trial, originally designed to reduce lead exposure, to evaluate if the intervention lowered EDC exposures in young children. Study participants 
were children from the Cincinnati, Ohio area (n = 250, HOME Study). Prenatally, families received a housing intervention that included paint stabilization and dust 
mitigation, or as a control, injury prevention measures. At 24-months, we measured organophosphate esters (OPEs) and phthalates or their metabolites in dust and 
urine. We measured perfluoroalkyl substances (PFAS) in dust and serum at 24- and 36-months, respectively. We assessed associations between dust and biomarker 
EDCs using Spearman correlations, characterized EDC mixtures via principal components analysis, and investigated treatment effects using linear regression. To 
mitigate selection bias, we fit statistical models using inverse probability of retention weights. Correlations between dust EDCs and analogous biomarkers were weak- 
to-moderate (ρ’s ≤ 0.3). The intervention was associated with 23 % (95 % CI: − 38, − 3) lower urinary DEHP metabolites and, in a per-protocol analysis, 34 % lower 
(95 % CI: − 55, − 2) urinary MBZP. Additionally, among Black or African American children, the intervention was associated with lower serum concentrations of 
several PFAS (e.g., − 42 %; 95 % CI: − 63, − 8 for PFNA). Household interventions that include paint stabilization and dust mitigation may reduce childhood exposures 
to some phthalates and PFAS in Blacks/African Americans. These findings highlight the need for larger studies with tailored and sustained housing interventions.

1. Introduction

Anthropogenic chemicals, including perfluoroalkyl substances 
(PFAS), phthalates, and flame retardants are ubiquitous in the envi
ronment.(Kato, Wong, et al., 2011; World Health Organization, 2017) As 
such, human exposure to these compounds is widespread and, in some 
cases, nearly universal.(National Center for Environmental Health (U. 
S.), 2022; Wang et al., 2019) Many of these compounds can interfere 
with endocrine system development and functioning. For example, PFAS 
are known to activate human PPARα,(Evans et al., 2022) a transcription 
factor involved in lipid metabolism that plays a role in a variety of 
human diseases.(Lin et al., 2022) Phthalates can perturb endocrine 
systems through direct activation of estrogen receptors, inhibition of 
androgen production, and thyroid stimulating hormone receptor 

disruption.(Engel et al., 2017; Huang et al., 2022) Exposure to these 
endocrine distributing chemicals (EDCs) in early life has been associated 
with numerous adverse health outcomes including immune system 
dysfunction, adverse reproductive outcomes, behavioral problems, 
cognitive decrements, and obesity.(Braun, 2017; Ghassabian et al., 
2022).

Despite substantial scientific evidence of their harmful health effects, 
the regulatory landscape for EDCs remains a patchwork of limited fed
eral and state-level policies that are often circumvented through the use 
of under-studied, structurally similar replacements.(Brennan et al., 
2021; Kamrin, 2009) This necessitates the identification of effective 
interventions to reduce exposure. This is particularly true for infants and 
children as they experience more exposure to EDCs compared to adults 
on a body weight basis,(Ghassabian et al., 2022) and early life is a 
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critical time of endocrine mediated development that is highly suscep
tible to EDC toxicity (Gore et al., n.d.).

Pathways through which children are exposed to EDCs in their 
homes are numerous and diverse. Consumption of contaminated food 
and water, direct ingestion or dermal absorption, personal care product 
use, and ingestion or inhalation of contaminated dust are all considered 
major routes.(Bearer, 1995; Gore et al., n.d.) The importance of specific 
exposure pathways depends on both the chemical class and specific 
species in question. For example, household dust is considered a major 
exposure source for phthalates which are ubiquitous in personal care 
products and building materials.(Authority (EFSA), 2005; Hammel 
et al., 2019) For more volatile organophosphate esters (OPE) used as 
flame retardants and plasticizers in many household furnishings, direct 
dermal absorption and hand-to-mouth ingestion is likely a more 
important exposure pathway than dust.(Phillips et al., 2018) In contrast, 
ingestion of contaminated food and water is considered the primary 
exposure route for environmentally persistent PFAS; however, dust 
ingestion and inhalation may be an important route when textiles coated 
with PFAS are present.(Agency for Toxic Substances and Disease Reg
istry, 2021; Hall et al., 2023; Hepburn et al., 2019) As such, wholistic 
housing interventions that target multiple childhood EDC exposure 
pathways could be vital to reduce the public health burden of EDCs.

Most interventions to reduce EDC exposures have been dietary or 
educational, but sometimes involve replacing traditional consumer 
products with healthier alternatives.(Martin et al., 2022) To our 
knowledge, a study by Sears et al. is the only published work that 
examined a housing intervention that includes dust mitigation and paint 
stabilization and EDC body burden in children. Both household dust and 
deteriorating paint being potential sources of EDC exposures as house
hold dust contains a mixture of EDCs that can be ingested or inhaled by 
humans (Mitro et al., 2016; Zhu et al., 2023) and some EDCs have been 
used in paint manufacturing.(Fan et al., 2024; Glüge et al., 2020) The 
Sears et al. study investigated whether an intervention originally 
designed to reduce lead exposure lowered phthalate exposure among 
young children. That study found the intervention significantly lowered 
Di(2-ethylhexyl)phthalate (DEHP) metabolites in urine from 12- to 36- 
months of age.(Sears et al., 2020) Our study was designed to expand 
on the Sears et al. work by exploring whether the same randomized 
intervention lowered not just exposure to phthalates but also OPEs and 
PFAS as measured by levels in household dust and children’s 
biomarkers.

2. Methods

2.1. Study participants and intervention assignment

We used data from The Health Outcomes and Measures of the 
Environment (HOME) Study, an ongoing cohort of maternal-child pairs. 
Between March 2003 and January 2006, the HOME Study enrolled 468 
pregnant women from five counties in the greater Cincinnati metro
politan area. Enrolled women were, on average, 29 years old, mostly 
white (62 %), well-educated, married (64 %), and did not report tobacco 
use (88 %). Through 2019, mothers and children in this cohort 
completed up to three prenatal visits (16-, 20-, and 26-weeks gestation) 
and up to nine postnatal visits (delivery, four weeks, and one, two, three, 
four, five, eight, and twelve years) at study clinics and their homes. The 
HOME Study was approved by institutional review boards at Cincinnati 
Children’s Hospital Medical Center and affiliated hospitals. Mothers 
provided informed consent at enrollment. We refer the reader to Braun 
et al. 2016 (Braun et al., 2016) and Braun et al. 2020 (Braun et al., 2020) 
for more detailed descriptions of this cohort’s characteristics, enroll
ment, and follow-up.

Nested within this observational study was a randomized controlled 
trial of a housing intervention designed to reduce child lead exposure. 
(Braun et al., 2018) During pregnancy, 355 pregnant women were 
randomized into one of two housing interventions. The control group 

received injury prevention measures and the intervention group 
received household modifications to mitigate household lead. 
Randomization was conducted using random number generation and 
research assistants were blinded to the intervention status of partici
pants. We limited this analysis to 250 children whose households were 
randomized to one of the intervention groups and had a dust sample 
available from the 24-month at home follow-up visit (Fig. 1). In cases 
where twin pairs were eligible for our study, we randomly selected one 
twin to be included in our analysis.

2.2. Intervention

Trained contractors carried out a housing intervention to mitigate 
child lead exposure for participants assigned to the intervention group. 
This intervention was specific to the lead hazards of the home.(Braun 
et al., 2018; Sears et al., 2020) The intervention involved removing and 
repainting surfaces with peeling, cracked or otherwise deteriorating 
paint; complete replacement of windows with lead paint in poor con
dition; installation of window trough liners; making floors smooth and 
easily cleanable by replacing broken floor tiles and refinishing hard
wood floors; and extensive cleaning and dust elimination following the 
intervention. We hypothesized these steps would lower child EDC ex
posures by reducing contamination of household dust via EDCs in 
household paint, ingestion of paint fragments, and ingestion or inhala
tion of contaminated household dust. The intervention was completed 
by 32-weeks gestation and before birth. If mothers and children moved 
within 23 months of birth, the intervention was attempted at their new 
home. The control group had injury prevention devices installed (e.g., 
stair gates) and other household modifications performed to improve 
safety (e.g., lowering tap water temperature, securing rugs, and covering 
electrical sockets). However, we anticipate these measures had no effect 
on child EDC exposure.

2.3. EDC in dust, urine, and serum

During 24-month home visits, trained study staff used the high- 
volume surface sampler, HVS3,(Colt et al., 2008) to collect household 
dust from main activity rooms and child bedrooms. Dust collected from 
each room was pooled into a single sample. These samples were stored 
between − 20 and − 80̊C and passed through a 300 µm sieve before being 
analyzed.(Mendy et al., 2023) We focused our analysis on OPEs and 
phthalates whose metabolites were also measured in urine at 24-months 
and on PFAS that were also measured in serum at 36-months (Table 1). 
For OPEs, this included tris (2-chloroethyl) phosphate (TCEP), tris (1,3- 
dichloroisopropyl) phosphate (TDCPP), and triphenyl phosphate (TPP). 
For phthalates, benzylbutyl phthalate (BBzP), di-n-octyl phthalate 
(DNOP), bis(2-ethylhexyl) phthalate (DEHP), and diethyl phthalate 
(DEP) were analyzed. For PFAS, we considered perfluorooctane sulfonic 
acid (PFOS), perfluorooctanoic acid (PFOA), perfluorononanoic acid 
(PFNA), perfluorohexane sulfonate (PFHxS), as well as per
fluorooctanesulfonamide (PFOSA) and 2-(N-ethyl
perfluorooctanesulfonamido) acetic acid (NEtFOSAA), which are two 
potential precursors of PFOS.

We measured OPE dust concentrations using ultra-high performance 
liquid chromatography tandem mass spectrometry (UHPLC-MS/MS).(La 
Guardia & Hale, 2015; Percy et al., 2020) To measure dust phthalate 
concentrations we used gas chromatography (GC) paired with high 
resolution MS. We measured dust PFAS concentrations using LC paired 
with high resolution MS. The methods used to measure dust concen
trations of phthalates and PFAS in this study have not been published so 
we provided additional details on the analytical methods in the Sup
plemental material (sTables 1-5 and sFigures 1 and 2). For each analyte, 
we calculated dust loadings as: dust concentration (ng/g) × sieved 
weight of dust sample (g) × sample area (m2)-1. We focused our analysis 
on dust loadings as opposed to concentrations, because the former is 
considered a better indicator of human exposure to dust contaminants. 
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(Bevington et al., 2021) To determine whether the intervention lowered 
total household dust at 24-months, we also considered total dust loading 
as: sieved weight of dust sample (g) × sample area (m2)-1.

During clinic visits, we measured concentrations of metabolites of 
four OPEs and six phthalates in urine at 24-months and six PFAS in 
serum at 36-months. Urine samples were collected using diaper inserts 
or taken from training potties lined with diaper inserts. Prior to analysis, 
urine and serum samples were stored at − 20 and − 80̊C respectively. To 
quantify urinary OPEs and phthalates and serum PFAS, trained techni
cians at the Centers for Disease Control and Prevention used UHPLC-MS. 
(Jayatilaka et al., 2017, 2019; Kato, Basden, et al., 2011; Silva et al., 
2007) We creatinine standardized urinary metabolites of OPEs and 
phthalates to account for urine dilution. We combined three metabolites 
of DEHP, mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP); mono(2- 
ethyl-5-oxohexyl) phthalate (MEHOP); and mono(2-ethyl-5- 
carboxypentyl) phthalate (MECPP), as a molar sum (ΣDEHP) by multi
plying the creatinine standardized urinary concentration of by their 
respective molar masses and taking the sum. Diaper inserts used for 
urine sample collection were contaminated with di-n-butyl phthalate, 
di-iso-butyl phthalate, and one metabolite of DEHP, mono(2-ethylhexyl) 
phthalate, so the latter was not included in the sum of DEHP 
metabolites.

2.4. Statistical analysis

We initially examined descriptive statistics of baseline participant 
characteristics overall and stratified by intervention group. We also 
compared baseline characteristics between randomized participants 
who were included and excluded from our analysis based on whether 
they had a 24-month house dust sample collected. We imputed all an
alyte concentrations in dust, urine, and serum that were non-detectable 
as LOD ÷ √2.(Hornung & Reed, 1990) To describe dust, urine, and 
serum EDC measures, we calculated geometric means, 25th and 75th 
percentiles, and %<LOD for each analyte. To assess bivariate associa
tions between biomarker and dust EDCs we used Spearman correlations 
and created a chord diagram.

To adjust for potential selection bias due to attrition, we constructed 
inverse probability of retention weights (IPRWs). Using logistic regres
sion, we estimated the probability that a participant was included in our 
analysis conditional on baseline characteristics: maternal and child race 
(White/Black/other) and Hispanic ethnicity, maternal age at delivery 
(years), household income ($ per year), maternal education (<HS/HS or 
GED/some college/college or higher), breastfeeding (any/none), hous
ing type (single family/other), cleanliness (appears clean/no or some 
cleaning), clutter (high/low or moderate), and intervention group (lead/ 

Fig. 1. Flowchart describing derivation of analytic sample.

Table 1 
EDCs and EDC metabolites measured in dust, urine, and serum in the HOME Study at child ages 24- or 36-months.

Class Dust Urine Serum

OPEs Tris (2-chloroethyl) phosphate (TCEP) Bis(2-chloroethly) phosphate (BCEtP) N/A
Tris (1,3-dichloroisopropyl) phosphate (TDCPP) Bis(1,3-dichloroisopropyl) phosphate (BDCPP) N/A
Triphenyl phosphate (TPP) Diphenyl phosphate (DPHP) N/A

PFAS† N-Ethyl-N-[(heptadecafluorooctyl)sulphonyl]glycine 
(NEtFOSAA)

N/A *

Perfluorooctanesulfonamide (PFOSA) N/A *
Perfluorohexanesulphonic acid (PFHxS) N/A Perfluorohexanesulphonic acid (PFHxS)
Perfluorononanoic acid (PFNA) N/A Perfluorononanoic acid (PFNA)
Perfluorooctanoic acid (PFOA) N/A Perfluorooctanoic acid (PFOA)
Perfluorooctane sulfonic acid (PFOS) N/A Perfluorooctane sulfonic acid (PFOS)

Phthalates Benzylbutyl phthalate (BzBP) Monobenzylphthalate (MBZP) N/A
Di-n-octyl phthalate (DNOP) Mono(3-carboxypropyl) phthalate (MCPP) N/A
Diethyl phthalate (DEP) Monoethyl phthalate (MEP) N/A
Di(2-ethylhexyl) phthalate (DEHP) Mono(2-ethyl-5-carboxypentyl) phthalate (MECPP) ‡

Mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) ‡

Mono(2-ethyl-5-oxohexyl) phthalate (MEOHP) ‡

N/A

* NEtFOSAA and PFOSA can degrade to PFOS in the environment.
† PFAS measured in serum at 36-months.
‡ These three DEHP metabolites were combined as a molar sum in our analysis. Another metabolite of DEHP, mono(2-ethylhexyl) phthalate, was excluded because of 

contamination of diaper inserts used in urine sample collection.
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injury). We took the inverse of these predicted probabilities and used 
them as frequency weights in all statistical models. We assessed the 
effectiveness of our IPRWs by calculating the weighted and unweighted 
standardized difference ((µincluded-µexcluded)/σincluded) in baseline char
acteristics between included and excluded participants. We considered a 
standardized difference threshold of ≤ 0.2 as adequate balance.(Zhang 
et al., 2019).

To characterize EDC mixtures in dust or biomarkers, we used prin
cipal components analysis (PCA). We fit separate PCA models for each 
matrix-chemical class combination (e.g., dust OPEs, urinary OPE me
tabolites, dust PFAS, serum PFAS etc.). Ln-transformed dust loadings 
and metabolite concentrations were mean-centered and scaled to the 
standard deviation prior to fitting PCA models. All principal component 
scores were coded such that they were positively correlated with analyte 
loadings or concentrations.

Our primary examination of treatment effects was carried out as an 
intention-to-treat analysis, including all eligible participants regardless 
of whether they had relocated since randomization. To quantify the 
intervention effect, we used linear regression, regressing each ln- 
transformed EDC biomarker concentration, ln-transformed dust 
loading, or component score on intervention status. We expressed 
regression coefficients for intervention status as a percent change using 
the control group as a reference category calculated as (eβ-1) × 100 % 
for dust and biomarker concentrations. Negative values for percent 
differences indicate lower loadings or concentrations for the interven
tion group. We considered effect estimates with confidence intervals 
that did not contain zero as statistically significant.

For sensitivity analysis, we conducted a per-protocol analysis of 
treatment effects using only participants who, at 24-months, had not 
relocated since randomization (n = 154). For our per-protocol analysis, 
we recalculated IPRWs using the same procedure described above. 
Second, since ingestion is a primary route of exposure to EDCs in dust, 
(Zhu et al., 2023) we conducted a stratified analysis of urine and serum 
analytes by maternal report of toy mouthing frequency at 24-months old 
(daily/<daily). Additionally, Braun et al. previously reported that the 
same lead reduction intervention reduced blood-lead concentration only 
in non-Hispanic black children.(Braun et al., 2018) As such, we con
ducted a stratified analysis of urine and serum analytes by child race 
(White/Black or African American) excluding those who reported being 
“other/multiracial” due to small sample size. We also stratified our 
analysis based on whether a child was breastfed ≥ 14 weeks, the median 
length of breastfeeding among children in the HOME cohort. We 
considered effect modification to be statistically significant if the p- 
value for a likelihood ratio test comparing nested models with and 
without an interaction term between intervention group and effect 
modifier was < 0.05. Lastly, in an attempt gain statistical precision, we 
refit our primary statistical models including precision variables. These 
precision variables were selected using backwards model selection 
based on AIC with a starting saturated model containing intervention 
status along with maternal age at delivery (years), income ($ per year), 
maternal education (<HS/HS or GED/some college/college or higher), 
age at 24-month visit (years), sex, child race (White/Black/other), 
housing type (single family or other), and breastfeeding (<14 or ≥ 14 
weeks). Intervention status was forced into the final selected model.

3. Results

The 250 children eligible for our study were about half female (52 
%), mostly White (74 %), largely non-Hispanic (97 %), and 87 % had 
been fed at least some human milk. Their mothers were on average aged 
30 years at delivery, 62 % had a bachelor’s degree or higher, and had an 
average annual household income of $67,570. Most homes were single 
family (80 %), had low to moderate clutter (96 %), and were carpeted 
(85 %). Baseline characteristics were similar between the intervention 
and control groups. Importantly, median PFAS concentrations in cord 
serum were similar, suggesting prenatal EDC exposure did not confound 

our effect estimates (Table 2).
We observed notable differences in baseline characteristics between 

randomized participants with a dust sample available and those without. 
Specifically, those included in our analysis were more likely to be White 
(74 vs. 55 %), have a mother with a college degree (62 vs. 40 %), live in a 
single-family home (80 vs. 66 %), and have a higher annual household 
income (sTable 6). Our IPRWs were effective in balancing baseline 
characteristics between these two groups, as all standardized differences 
in participant characteristics were ≤ 0.2 (Fig. 2). The same was true for 
balancing baseline characteristics in our per-protocol analysis 

Table 2 
Baseline participant characteristics by intervention group in the HOME Study 
(2003–2006).

Control (n =
123)

Intervention (n 
= 127)

Total (n =
250)

Maternal age at delivery 
(years)

30.3 (5.3) 30.5 (5.3) 30.4 (5.3)

Maternal race
White or Caucasian 96 (78.0) 95 (74.8) 191 (76.4)
Black or African 
American

22 (17.9) 26 (20.5) 48 (19.2)

Other/Multiracial 5 (4.1) 6 (4.7) 11 (4.4)
Maternal ethnicity

Not Hispanic 121 (98.4) 124 (97.6) 245 (98.0)
Hispanic 2 (1.6) 3 (2.4) 5 (2.0)

Maternal education
< High school 5 (4.1) 10 (7.9) 15 (6.0)
High school or GED 10 (8.1) 11 (8.7) 21 (8.4)
Some college or trade 
school

32 (26.0) 27 (21.3) 59 (23.6)

Bachelor’s or higher 76 (61.8) 79 (62.2) 155 (62.0)
Annual household income 

($)
67,195.1 
(38,564.9)

67,933.1 
(42,117.9)

67,570 
(40,329.6)

Child sex
Male 53 (43.1) 66 (52.0) 119 (47.6)
Female 70 (56.9) 61 (48.0) 131 (52.4)

Child race
White or Caucasian 95 (77.2) 90 (70.9) 185 (74.0)
Black or African 
American

20 (16.3) 24 (18.9) 44 (17.6)

Other/Multiracial 8 (6.5) 13 (10.2) 21 (8.4)
Child ethnicity

Not Hispanic 121 (98.4) 122 (96.1) 243 (97.2)
Hispanic 2 (1.6) 5 (3.9) 7 (2.8)

Housing type
Single family house 102 (82.9) 98 (77.2) 200 (80.0)
Other 21 (17.1) 29 (22.8) 50 (20.0)

Cleanliness
Appears clean 78 (63.4) 82 (64.6) 160 (64.0)
No/Some cleaning 45 (36.6) 45 (35.4) 90 (36.0)

Clutter
Low/moderate clutter 116 (94.3) 124 (97.6) 240 (96.0)
High clutter 7 (5.7) 3 (2.4) 10 (4.0)

Flooring type
Carpet 103 (84.4) 107 (85.6) 210 (85.0)
Wood or linoleum/vinyl 19 (15.6) 18 (14.4) 37 (15.0)
missing 1 2 3

Cohabitation
Cohabitating (married 
or unmarried)

108 (87.8) 105 (82.7) 213 (85.2)

Living alone 15 (12.2) 22 (17.3) 37 (14.8)
Breastfeeding Hx

No breastfeeding 14 (11.4) 19 (15.0) 33 (13.2)
At least some 
breastfeeding

109 (88.6) 108 (85.0) 217 (86.8)

PFHxS cord blood (ng/ 
mL)

0.7 [0.5, 1.2] 0.7 [0.4, 1.1] 0.7 [0.5, 1.2]

missing 51 57 108
PFNA cord blood (ng/mL) 0.4 [0.3, 0.6] 0.5 [0.4, 0.6] 0.4 [0.3, 0.6]

missing 51 57 108
PFOA cord blood (ng/mL) 3.4 [2.6, 5.0] 3.5 [2.5, 4.7] 3.4 [2.5, 4.8]

missing 51 57 108
PFOS cord blood (ng/mL) 4.1 [2.9, 6.1] 4.9 [3.4, 6.4] 4.4 [3.2, 6.4]

missing 51 57 108
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(sFigure 3).
The geometric mean of total dust loading was 0.3 g of dust/m2. OPEs 

measured in dust were detected in ≥ 93 % of samples. Detection fre
quencies for the six PFAS measured in dust ranged from 74 % (PFOSA) to 
100 % (PFHxS). Four of the five phthalates measured in dust were 
detected in ≥ 98 % of samples while DNOP was detected in 66 %. On 
average, dust loadings were highest for phthalates followed by OPEs and 
then PFAS. DEHP had the highest geometric mean dust loading (GM: 
100,239 ng/m2) and PFOSA had the lowest (GM: 0.1 ng/m2). Several 
EDCs measured in dust had a relatively high proportion of values < LOD. 
Namely, PFOS (23 %), PFOSA (27 %), and DNOP (34 %). Phthalate and 
OPE metabolites measured in urine were detected in > 93 % of samples, 
except BCEtP (87 %). Geometric mean urinary phthalate metabolite 

concentrations exceeded that of OPE metabolites. The four PFAS 
measured in serum were nearly universally detected. Serum concen
trations were highest for PFOS (GM: 7.2 ng/mL) and lowest for PFNA 
(GM: 1.4 ng/mL) (Table 3).

In general, EDCs were most correlated within chemical class and 
within biological matrix (urine or serum) (Fig. 3). Correlations between 
EDCs in dust with their analogs measured in urine or serum were in the 
weak-to-moderate range (ρ’s ≤ 0.3). Dust PFAS and phthalates were 
more correlated with their serum or urinary analogs when compared to 
OPEs. Dust DEP and urinary MEP was the most correlated pair (ρ: 0.3) 
(sFigure 4-6).

The first principal component from each matrix-class specific PCA 
explained 74, 50, and 68 % of the variance in OPE, PFAS, and phthalate 
dust loadings, respectively; and 55, 53, and 54 % of the variance in 
urinary OPE metabolite, serum PFAS, and urinary phthalate metabolite 
concentrations, respectively. Given the importance of the first compo
nent score from each principal component model, we used it as a sum
mary measure for that matrix-chemical class.

In our primary, intention-to-treat analysis, there was little evidence 
that the intervention was associated with differences in 24-month dust 
loadings for any of the EDCs considered. Point estimates for intervention 
effects on 24-month dust loadings ranged from − 41 % (95 % CI: − 71, 
19) for PFOA to 73 % (95 % CI: − 25, 298) for PFOS (Table 4). With 
respect to biomarker EDC concentrations, the intervention was most 
strongly associated with lower urinary DEHP (ΣDEHP) metabolites 
(percent difference: –22; 95 % CI: − 38, − 3) but again, there was little 
evidence that the intervention lowered biomarker concentrations of 
other EDCs. Point estimates for intervention effects on EDC biomarker 
concentrations other than ΣDEHP ranged from − 20 % (95 % CI: − 41, 9) 
for BDCPP to 1 % (95 % CI: − 29, 42) for MEP (Fig. 4 and Table 4). 
Results from models regressing matrix-class-specific principal compo
nent scores on intervention status echoed the results from our analysis of 
individual analytes (Fig. 5).

Our per-protocol analysis suggested the intervention group had 
lower urinary MBZP concentrations (percent difference: − 34; 95 % CI: 
− 55, − 2). Additionally, point estimates for OPE and phthalate dust 
loadings were attenuated or reversed in direction. Lastly, point estimates 

Fig. 2. IPRW weighted and unweighted standardized differences in baseline 
characteristics, maternal and child race (White/Black/other) and Hispanic 
ethnicity, maternal age at delivery (years), household income ($ per year), 
maternal education (<HS/HS or GED/some college/college or higher), breast
feeding (any/none), housing type (single family/other), cleanliness (appears 
clean/no or some cleaning), clutter (high/low or moderate), and intervention 
group (lead/injury) between included and excluded participants. Dashed lines 
have y-intercepts at − 0.2 and 0.2.

Table 3 
Descriptive statistics for EDCs measured in dust, urine, and serum in the HOME Study (2003–2006).

Class Analyte Matrix Age (months) n Geometric mean 25th 75th % <LOD Unit

Total dust load Dust 24 215 0.3 0.1 0.6 NA g/m2

OPEs TCEP Dust 24 215 150 32 878 6.5 ng/m2

TDCPP Dust 24 215 528 163 2,397 6.5 ng/m2

TPP Dust 24 215 577 208 1,570 3.3 ng/m2

PFAS NEtFOSAA Dust 24 162 2.7 0.8 10 12 ng/m2

PFHxS Dust 24 162 9.3 1.8 41 0 ng/m2

PFNA Dust 24 162 1 0.3 2.8 6.2 ng/m2

PFOA Dust 24 162 6.3 1.3 25 17 ng/m2

PFOS Dust 24 162 5.4 1.1 36 23 ng/m2

PFOSA Dust 24 162 0.1 0 1 27 ng/m2

Phthalates BzBP Dust 24 167 8,579 3,191 28,945 1.8 ng/m2

DEHP Dust 24 167 100,239 47,465 221,585 0 ng/m2

DNOP Dust 24 167 1,295 88 11,335 34 ng/m2

DBP Dust 24 167 6,929 3,044 16,553 0 ng/m2

DEP Dust 24 167 689 264 1,878 0 ng/m2

OPE metabolites* BCEtP Urine 24 190 2.9 1.6 5.4 13 µg/g
BDCPP Urine 24 196 5.9 2.9 11 2 µg/g
DPhP Urine 24 196 8.5 4.7 13 0 µg/g

PFAS PFHXS Serum 36 170 2.2 1.2 3.5 0 ng/mL
PFNA Serum 36 170 1.4 1 1.8 0 ng/mL
PFOA Serum 36 170 5.9 4 7.9 0 ng/mL
PFOS Serum 36 170 7.2 5 11 0 ng/mL

Phthalate metabolites* MBZP Urine 24 205 38 21 64 0.5 µg/g
MCPP Urine 24 205 14 9.4 22 0 µg/g
MECPP Urine 24 205 138 81 216 0 µg/g
ΣDEHP† Urine 24 205 0.8 0.5 1.4 6.5 µmol/g

* Creatinine standardized by dividing urinary concentration (µg/L) by creatinine concentration (g/L).
† Molar sum of MECPP, MEHHP, and MEOHP.
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for PFAS dust loadings in the per-protocol analysis were notably stron
ger compared to our intention-to-treat analysis, but otherwise results 
were similar (Table 4).

We observed no convincing evidence of effect modification of 
treatment effects for biomarker EDCs by mouthing behaviors or length 
of breastfeeding (Fig. 6 and sTable 8). However, when we stratified our 
analysis by child race, we found that for Black or African American 
children, serum concentrations of PFNA (percent difference: − 42; 95 % 
CI: − 63, − 8), PFOA (percent difference: − 21; 95 % CI: − 38, − 1), and 
PFOS (percent difference: − 38; 95 % CI: − 56, − 13) were lower in the 
intervention as compared to the control group. Although, we found 
statistically significant effect modification of the intervention effect by 
race for PFNA only (p-value for interaction: 0.033). Results from our 
models including precision variables were comparable to results from 
our primary analysis with some modest gains in precision for some 
biomarkers (sFigure 7). The optimal model based on backwards selec
tion was slightly different for each dependent variable but generally 
contained ≤ four precision variables. Maternal age at delivery, maternal 
education, income, age at 24-month visit, race, and breast feeding were 
frequently retained.

4. Discussion

In our secondary analysis of a randomized controlled trial, we found 
that an intervention (originally designed to lower child lead exposure 
via dust control, paint stabilization, cleaning, and other housing reno
vations) may have reduced child exposure to some EDCs, especially 
PFAS for Black or African American children. This study, which expands 
on previous work by Sears et al., is, to our knowledge, one of the only 
published studies examining whether such a housing intervention 

reduced EDCs in children’s biomarkers and household dust.
Our study’s novelty makes comparing it with existing literature 

difficult. We replicated the Sears et al. finding demonstrating that this 
intervention may have lowered urinary DEHP metabolites although 
their estimated effect size was smaller (percent difference: − 12; 95 % CI: 
− 23, 1). This is likely due to differences in study design and statistical 
analysis.(Sears et al., 2020) The effects we observed were smaller than 
those observed in studies of dietary interventions to reduce phthalate 
exposures. For example, Rudel et al. found that a diet with fewer 
packaged foods reduced urinary DEHP metabolites by 53–56 %.(Rudel 
et al., 2011) However, the efficacy of our housing intervention may be 
on par with interventions targeting personal care products (PCPs) as a 
source of EDC exposures. For example, Harley et al. reported an inter
vention promoting PCPs labeled free of several EDCs reduced concen
trations of some phthalate metabolites between 11 and 27 % among 
adolescent girls.(Harley et al., 2016) Although, as expected, that study 
only observed reductions in metabolites of low molecular weight 
phthalates used in PCPs, whereas we observed reductions primarily in 
metabolites of high molecular weight phthalates used as plasticizers, in 
electronics, and flooring. The clinical significance of the observed re
ductions in urinary phthalate metabolites is unclear. For example, in our 
per-protocol analysis, geometric mean urinary concentrations for MBZP 
for the intervention (29.4 µg/g) and control (36.8 µg/g) groups was 
above the NHANES 75th percentile for children ages 6–11 in 2009–2010 
(29.3 µg/g).(National Center for Environmental Health (U.S.), 2022).

One of the more notable findings of our study was that the inter
vention reduced serum PFAS concentrations among Black or African 
American children. It is unclear why, especially since household dust, a 
focus for this intervention, is not generally considered a major source of 
PFAS exposure.(Mitro et al., 2016; Zhu et al., 2023) The paint 

Fig. 3. Spearman correlations for EDCs and EDC metabolites measured in dust, urine, and serum in the HOME Study (2003–2006). Both the width of the band and 
the intensity of the color correspond to the strength of the association.
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stabilization aspect of this intervention could be important here as PFAS 
have been used extensively in paint manufacturing(Glüge et al., 2020) 
and Black or African American children are more likely to live in housing 
with deteriorating paint.(Lanphear et al., 1996; Yeter et al., 2020) One 
comparable intervention study by Morgan et al. showed a lifestyle 
intervention designed to reduce dietary lipids significantly lowered 
circulating PFAS by as much as 20 %, similar to our findings.(Morgan 
et al., 2023) There is also reason to believe that the differences in serum 
PFAS associated with the intervention among Black or African American 
children are clinically meaningful, at least for PFOS, where the geo
metric mean serum concentration in the intervention group (4.1 ng/mL) 
but not the control group (6.2 ng/mL) was lower than the established 
German human biomonitoring (HBM-I) value.(Hölzer et al., 2021).

With respect to EDCs in dust, similar studies found that health- 
conscious renovations and article substitution significantly lowered 
dust concentrations of several EDCs in Swedish preschools.(Giovanoulis 
et al., 2019; Langer et al., 2021) For example, Giovanoulis et al. found 
that article substitution reduced dust concentrations of two phthalates 
also analyzed in our study including DEHP (≈50 % reduction) and BzBP 
(≈25 % reduction), whereas we could not conclude that the intervention 
had such an effect of phthalate dust loadings.

It is also worth mentioning that 85 % of homes had carpeting in the 
main activity room at baseline. When it comes to lead, flooring type has 
been demonstrated to influence the relationship between dust lead 
loadings and child blood concentrations. Interestingly, Yiin et al.’s 

secondary analysis of a dust mitigation intervention to reduce lead 
exposure found that it was only effective in non-carpeted homes.(Yiin 
et al., 2003) As such, the efficacy of this intervention may have been 
curtailed by the predominance of carpet flooring in participant homes.

We suspected that the intervention would have reduced children’s 
EDC body burden by reducing exposures via household dust. However, 
most correlations between EDCs in dust and their analogs in biomarkers 
were weak-to-moderate (ρ ≤ 0.3) and intervention effects were often not 
consistent. For example, the intervention group had lower urinary DEHP 
metabolites (–22 %; 95 % CI: − 30, − 3) but not dust DEHP (3 %, 95 % CI: 
–32, 57). Studies of the relations between EDCs in dust and associated 
biomarkers exist but are relatively few, especially for PFAS.(Zhu et al., 
2023) This is an important and nuanced topic that is beyond the scope of 
our study but warrants further investigation in the HOME cohort.

Our study has noteworthy limitations. First, given the modest sample 
size and some missing data, our study was underpowered to detect more 
subtle intervention effects. The 95 % confidence intervals around our 
effect estimates were relatively wide, and almost all included the null, 
limiting our ability to draw definitive conclusions. Second, dust samples 
were taken from homes at 24-month visits, perhaps not proximal enough 
to the intervention, especially as 38 % of eligible participants moved 
after randomization. We attempted to address this issue by conducting a 
“per-protocol” analysis of just those participants who did not relocate. 
However, EDCs are present in electronics and household furnishings not 
targeted by the intervention.(Metcalfe et al., 2022) These sources may 
have reintroduced non-persistent EDCs into household dust during the 
24-months between the completion of the intervention and dust sam
pling. Relatedly, we used serum samples collected three years after the 
intervention to quantify PFAS body burden. Estimated human half-lives 
of the perfluoroalkyls considered in this study range from 2.1-10.1 years 
for PFOA to 4.7–35 years for PFHxS.(Agency for Toxic Substances and 
Disease Registry, 2021) It is possible that our ability to evaluate the 
effect of our intervention body burden of some PFAS could have been 
attenuated by their slow biological clearance. Although, it is difficult to 
speculate how much of an issue this is because estimates of half-lives for 
PFAS are based largely on adults. Third, detection frequency for PFOS, 
an abundant legacy PFAS, in dust was much lower than expected, likely 
due to peak integration interference from similar PFAS. Fourth, using 
dust samples from only child bedrooms and main activity rooms may 
have led to measurement error. Perhaps this measurement error is 
greater for children of higher socioeconomic status who live in larger 
homes with more rooms, but this is speculatory and cannot be confirmed 
with the data we have. Lastly, this intervention was originally designed 
to reduce child lead exposure. As such, the housing modifications per
formed did not specifically target EDC exposures and varied substan
tially between households based on identified sources of lead in each 
home.

Our study is one of the first to examine how this type of housing 
intervention may have reduced EDCs in children and household dust. A 
strength was our ability to consider different EDC chemical classes 
including OPEs, PFAS, and phthalates and mixtures using PCA, some
thing seldom seen in published intervention studies. This is particularly 
important given the multifaceted nature of this intervention and that 
OPE, PFAS, and phthalate mixtures have been associated with different 
adverse health outcomes.(Braun, 2017) Finally, the breadth and depth 
of sociodemographic, behavioral, and household characteristics recor
ded in the HOME Study allowed us to adjust for suspected sources of 
selection bias and examine potentially important effect modifiers.

It is important to consider how our findings fit into an international 
context. EDC dust concentrations in our study were comparable to 
others reported in the U.S. (Mitro et al., 2016) However, in comparison 
to similar studies in Asia (Huang et al., 2021; Tan et al., 2024; Wang 
et al., 2020) and Europe,(Kolarik et al., 2008; Li et al., 2019; Weiss et al., 
2021) dust concentrations of some OPEs (TDCPP and TPP), PFAS, and 
some phthalates (BzBP, DEP, and DNOP) were notably higher (sTable 9- 
11). Urinary concentrations of OPE and phthalate metabolites were 

Table 4 
Percent difference (±95 % CI) in 24-month EDC dust loadings, 24-month urinary 
OPE and phthalate metabolite concentrations, and 36-month PFAS serum con
centrations comparing intervention to control group (The HOME Study, 
2003–2006): Intention-to-treat vs. per-protocol analysis.

Matrix Class Analyte Percent difference (±95 % CI)
Intention-to-treat Per-protocol

Dust loadings NA Total load 20 (− 16, 73) 24 (− 41, 158)
Dust loadings OPEs TCEP 16 (− 38, 116) − 35 (− 74, 65)
Dust loadings OPEs TDCPP 45 (− 20, 165) –23 (− 68, 88)
Dust loadings OPEs TPP 60 (− 4, 167) 33 (− 43, 214)
Dust loadings PFAS NEtFOSAA –32 (− 62, 21) − 50 (− 77, 8)
Dust loadings PFAS PFOSA − 9 (− 62, 115) − 69 (− 92, 23)
Dust loadings PFAS PFHxS − 29 (− 63, 38) − 48 (− 80, 36)
Dust loadings PFAS PFNA − 36 (− 67, 21) − 52 (− 81, 23)
Dust loadings PFAS PFOA − 41 (− 71, 19) − 62 (− 88, 18)
Dust loadings PFAS PFOS 73 (− 25, 298) 56 (− 52, 404)
Dust loadings Phthalates BzBP 1 (− 49, 97) − 2 (− 69, 210)
Dust loadings Phthalates DBP 2 (− 34, 58) − 28 (− 61, 36)
Dust loadings Phthalates DNOP 30 (− 45, 212) − 4 (− 82, 409)
Dust loadings Phthalates DEP 37 (− 17, 126) − 2 (− 58, 128)
Dust loadings Phthalates DEHP 3 (–32, 57) − 30 (− 67, 48)
Urine OPEs BCEtP − 16 (− 41, 19) 0 (− 34, 50)
Urine OPEs BDCPP − 20 (− 41, 9) − 8 (− 43, 48)
Urine OPEs DPhP − 6 (− 25, 16) 11 (− 14, 44)
Serum PFAS PFHxS − 4 (− 28, 29) 33 (− 36, 180)
Serum PFAS PFNA − 5 (− 21, 15) − 5 (− 27, 25)
Serum PFAS PFOA − 8 (− 21, 9) − 14 (− 39, 21)
Serum PFAS PFOS − 10 (− 26, 10) − 6 (− 34, 33)
Urine Phthalates MBZP − 16 (− 36, 11) − 34 (− 55, − 2)
Urine Phthalates MCPP − 15 (− 29, 2) − 11 (− 29, 11)
Urine Phthalates MEP 1 (− 29, 42) − 28 (− 55, 16)
Urine Phthalates ΣDEHP –22 (− 38, − 3) − 14 (− 37, 17)

Note: Percent difference (±95 % CI) in EDC dust loadings, 24-month urinary 
OPE and phthalate metabolite concentrations, and 36-month PFAS serum con
centrations comparing intervention to control group. Estimates from linear 
model regressing ln-transformed loadings and concentrations on intervention 
status weighted using IPRW. Percent difference calculated as exp(βintervention) 
x100%. Positive values indicate higher loadings or concentrations in the inter
vention group. ΣDEHP is the molar sum of urinary MEHHP, MEOHP, and 
MECOO. Intent-to-treat analysis includes all eligible participants. Per-protocol 
analysis includes only participants who, at 24-months, still lived in the home 
where the intervention was performed. Sample sizes for each model stratified by 
intervention group can be found in sTable 7.

A.J. Fossa et al.                                                                                                                                                                                                                                 Environment International 191 (2024) 108994 

7 



Fig. 4. Percent difference (±95 % CI) in 24-month EDC dust loadings, 24-month urinary OPE and phthalate metabolite concentrations, and 36-month PFAS serum 
concentrations comparing intervention to control group (The HOME Study, 2003–2006). Estimates from linear model regressing ln-transformed loadings and 
concentrations on intervention status weighted using IPRW. Percent difference calculated as exp(βintervention)-1x100%. Negative values indicate lower loadings or 
concentrations in the intervention group. ΣDEHP is the molar sum of urinary MEHHP, MEOHP, and MECPP.

Fig. 5. Difference in means (±95 % CI) for matrix-class specific component scores comparing intervention to control group (The HOME Study, 2003–2006). Esti
mates from generalized linear model regressing component scores on intervention status weighted using IPRW. The control group is used as a reference category. Ln- 
transformed dust loadings and metabolite concentrations were mean-centered and scaled to the standard deviation prior to fitting PCA models.
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generally higher compared to existing studies of children and adoles
cents in Asia,(Ding et al., 2019; Liao et al., 2021; Shi et al., 2018) 
Europe,(Govarts et al., 2023) and the U.S.(National Center for Envi
ronmental Health (U.S.), 2022) that report creatinine standardized 
concentrations. These differences could be the result of age, temporal 
trends, or true geographic heterogeneity (sTable 12 and 13). Serum 
PFAS concentrations were also high compared to similar studies in Asia, 
(Zhang et al., 2010) Europe,(Gyllenhammar et al., 2019) and the U.S., 
(Oh et al., 2024; Schecter et al., 2012) likely owing to documented in
dustrial pollution of the Ohio river, a drinking water source for this 
cohort (sTable 14).(Herrick et al., 2017) It is unclear how age, temporal, 
and geographic differences in EDC exposures would influence the 
effectiveness of similar housing interventions. However, when designing 
and studying such interventions in an international context, factors like 
housing stock age and prevalent building materials warrant 
consideration.

Future research could tailor household interventions to reduce 
known sources of EDC exposures. This could include targeting house
hold dust using both cleaning and air filtration, with the latter being a 
potential method to reduce indoor air phthalate and PFAS levels. 
(Dodson et al., 2023) Reintroduction of non-persistent of EDCs via 
household products and the time at which dust samples and bio
specimens are collected relative to the intervention are other important 
considerations. To increase efficacy, future interventions may need to be 
sustained rather than carried out at a single timepoint as was this 
intervention, especially if long-term outcomes are of interest. Lastly, 
given frequent threats to precision including attrition, missing data, and 
EDC exposure variability, larger sample sizes are merited particularly in 
subpopulations such as Blacks or African Americans that may greatly 
benefit from these interventions.

5. Conclusions

Household interventions that mitigate traditional sources of lead 
exposure through dust mitigation, paint stabilization, cleaning, and 
other renovations may reduce some child EDC exposures, particularly 
high molecular weight phthalates, as well as PFAS in Blacks or African 
Americans. However, the importance of dust mitigation warrants further 
investigation. Larger studies of more sustained interventions specifically 
tailored to remove sources of EDC exposures are needed.
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