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Summary
Background Plastic pollution is a major environmental and health issue. To cover knowledge gaps, this study aimed 
to examine the association between population exposure to plasticiser mixtures and mortality, estimate the 
attributable public health burden, and explore potential nutritional mitigation measures.

Methods This prospective population-based study included non-pregnant US adults aged 20 years or older free from 
cardiovascular diseases and cancer at baseline from the US National Health and Nutrition Examination Survey 
2005–16. The main outcome was mortality status and cause of death, which was confirmed using ICD-9 and ICD-10 
codes. Baseline urinary concentrations of eight phthalate metabolites and bisphenol A were selected a priori based on 
a comprehensive review of the toxicological and epidemiological evidence and modelled as a plasticiser mixture by 
quantile-based g-computation. Vitamin concentrations were examined as effect modifiers.

Findings 8378 adults were included. Over 71 127 person-years of follow-up (average 8⋅5 years per person), 633 deaths 
occurred. Each tertile increase in the mixture concentration was positively associated with all-cause mortality (hazard 
ratio 1⋅35, 95% CI 1⋅02–1⋅78), cancer mortality (1⋅79, 1⋅06–3⋅03), and cardiovascular disease mortality (1⋅83, 1⋅04–3⋅22). 
An estimated 10⋅31% (95% CI 0⋅78–20⋅38) of total deaths were attributable to a tertile increase in the mixture, equating 
to 256 471 annual excess deaths in the USA. The mixture association with all-cause, cancer, or cardiovascular disease 
mortality was observed only in individuals with serum vitamin D or red blood cell folate concentrations in the lowest 
tertile, but not in the upper tertiles.

Interpretation Exposure to a mixture of common plasticisers was associated with increased all-cause, cancer, and 
cardiovascular disease mortality risk. Vitamin D and folate appeared to mitigate these associations. The findings 
underscore the need to reduce plasticiser exposure, optimise vitamin intake, and regulate chemicals by class.

Funding Instituto de Salud Carlos III (Spain) and NextGeneration EU.

Copyright © 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Plastic pollution is a major environmental issue.1 More 
than 1500 plastic-associated chemicals are known to leach 
from plastics,2 leading to universal human exposure 
throughout life.3–5 Among plastic-associated chemicals, 
phthalates and phenols are two major chemical groups 
used as plasticisers and additives to enhance the flexibility 
and durability of plastic materials. Ubiquitous in consumer 
products such as food packaging and cosmetics, they con
tribute to widespread human exposure.6,7 Some phthalates 
and phenols are well established endocrine-disrupting 
chemicals known to interfere with the human endocrine 
system,8 and observational studies have linked their 
exposure to cardiometabolic diseases and cancer,8 with 
health-care costs estimated to be millions of dollars 
annually.9

Life expectancy in the USA has been declining since 
2014.10,11 Apart from medical and lifestyle factors, exposure 
to plasticiser chemicals could play an inadvertent role. 
Previous studies have shown that exposure to individual 
plasticisers, such as di-2-ethylhexyl phthalate12 and bis
phenol A,13 is associated with higher mortality risk in the 

general US population. However, although humans are 
exposed to complex mixtures of plasticiser chemicals that 
share common exposure sources and can interact with each 
other leading to synergistic or antagonistic actions,14 no 
previous study has examined the contribution of plasticiser 
mixture exposure to mortality risk.

Since achieving a zero-pollution scenario is unrealistic, 
identifying modifiable factors that can mitigate the health 
effects of plasticiser chemical exposure is crucial to inform 
public health interventions. Experimental animal studies 
show that certain vitamins, including folate and vitamins D, 
B6, and B12, could mitigate the adverse health impacts of 
exposure to phthalates and bisphenol A.15 However, this 
hypothesis has not yet been tested in population studies.

Leveraging data from a prospective cohort of the general 
US population, this study aimed to: investigate the associ
ation between exposure to a mixture of bisphenol A and 
phthalate plasticisers and mortality risk; estimate the mor
tality burden attributable to this plasticiser mixture; and 
identify potential nutritional mitigation strategies. 
To enhance biological plausibility and real-world relevance, 
an evidence-based mixture of phenols and phthalate 
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metabolites was identified a priori through a comprehensive 
literature review.

Methods
Study design and population
In this prospective population-based cohort, we used par
ticipant data from the National Health and Nutrition 
Examination Survey (NHANES), which is a nationwide 
representative study designed to assess the health and 
nutritional status of children and adults in the general 
population of the USA.16 A detailed survey description can 
be found elsewhere.17 Our study population is a subsample 
of adults aged 20 years or older who were not pregnant at 
the time of examination, reported no history of cardiovas
cular diseases or cancer, and had valid data of death status 
during the NHANES 2005–16 cycles. These cycles were 
selected because urinary phthalate metabolites and phenols 
were quantified in the same subpopulation, allowing us to 
investigate the two plastic-associated chemical groups 
simultaneously. A participant inclusion diagram is shown 
in the appendix (p 2). The study protocol for the NHANES 
was approved by the NHANES institutional review board 

and the National Center for Health Statistics Research 
Ethics Review Board. All participants provided written 
informed consent.

Exposure
In each NHANES cycle, urinary chemical biomarkers were 
randomly measured in one-third of the participants at the 
Centers for Disease Control and Prevention (Atlanta, GA, 
USA) under strong quality control measures. Quantifica
tion methods of urinary plasticiser concentrations are 
described in the appendix (p 3).

To increase the biological plausibility of our analysis, 
a comprehensive literature search in the PubMed and 
MEDLINE databases was done to prioritise the chemicals 
supported by the highest weight of toxicological and epi
demiological evidence in relation to chronic diseases and 
mortality (appendix pp 4–21). Consequently, this analysis 
examined an evidence-based mixture composed of urin
ary concentrations of bisphenol A, monoethyl phthalate 
(MEP), monobutyl phthalate (MBP), mono-isobutyl phthal
ate (MiBP), monobenzyl phthalate (MBzP), and the four 
di-2-ethylhexyl phthalate metabolites: mono(2-ethylhexyl) 

Research in context

Evidence before this study
Before conducting the statistical analysis, we did a comprehensive 
search in the PubMed and MEDLINE databases to identify, out of 
the phenols and phthalate metabolites measured in the US 
National Health and Nutrition Examination Survey 
2005–16 cycles, the chemicals supported by a higher weight of 
toxicological and epidemiological evidence for an effect on 
chronic diseases and mortality. Given the large scope of our 
literature research question, we adapted the main points of the 
navigation guide systematic review methodology, including a 
structured and reproducible comprehensive search, prioritising 
meta-analyses, systematic reviews, reviews, and individual studies 
(in that order). Searches included exposure terms for specific 
phthalate and phenol chemicals, along with effect terms (“all- 
cause mortality” OR “cancer” OR “cardiovascular” OR “obesity” OR 
“diabetes” OR “hypertension” OR “metabolic syndrome”). No 
time restrictions were applied to the search and only works 
published in English were considered. Between Nov 15th, and Nov 
28th, 2024, 1307 references were screened, of which 172 relevant 
studies and reviews were identified and used to formulate the 
weight-of-evidence considering both toxicological and 
epidemiological data. Based on the weight-of-evidence, the 
literature search output justified the prioritisation and analysis as 
a mixture of the plastic-associated chemicals bisphenol A, 
monoethyl phthalate, monobutyl phthalate, mono-isobutyl 
phthalate, monobenzyl phthalate, and di-2-ethylhexyl phthalate 
metabolites. Results of the literature search also showed that 
most previous epidemiological studies examined phthalates and 
phenols one at a time as single-pollutant exposures, failing to 
account for the fact that human beings are exposed to complex 

mixtures of chemicals with common exposure sources. 
Additionally, although experimental animal studies suggest that 
certain vitamins can mitigate the adverse health impacts of 
exposure to various phthalates and bisphenol A, no population 
study has examined whether these vitamins can attenuate the 
contribution of exposure to these chemicals on human mortality 
risk.

Added value of this study
Leveraging data from a prospective cohort of the general US 
population, this study observed that exposure to a mixture of 
eight phthalate metabolites and bisphenol A, selected based on a 
priori toxicological and epidemiological evidence, was associated 
with a higher risk of all-cause, cancer, and cardiovascular disease 
mortality. An estimated 10% of all-cause mortality in the USA can 
be attributed to a tertile increase in the plasticiser mixture 
exposure, showing a lower contribution than tobacco exposure 
but higher than physical inactivity in the examined dataset. The 
deleterious associations between mixture exposure and mortality 
risk were only found among participants in the lowest tertile of 
serum vitamin D or red blood cell folate concentrations.

Implications of all the available evidence
Human exposure to mixtures of plastic-associated chemicals 
poses an enormous health burden. Efforts are needed to intervene 
and reduce exposure levels, as well as regulate chemicals on a 
mixture basis. Optimisation of folate and vitamin D status could 
be a target for individual-level and population-level interventions 
aimed at mitigating the harmful health impacts of plastic- 
associated chemicals.

See Online for appendix
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phthalate (MEHP), mono(2-ethyl-5-hydroxyhexyl) phthalate 
(MEHHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), 
and mono(2-ethyl-5-carboxypentyl) phthalate (MECPP).

All analysed biomarkers were detected in more than 
90% of participants except for MEHP (detection rate 68⋅3%; 
appendix p 22). Values below the limit of detection were 
imputed with values randomly selected between 0 and the 
limit of detection based on a log-normal distribution.18

All exposure biomarkers were standardised by urinary 
creatinine concentrations using the covariate standardised 
creatinine adjusted method described by O’Brien and col
leagues.19 A detailed description of the imputation and 
standardised creatinine adjusted method is presented in 
the appendix (pp 22–23).

Outcome
Mortality data until Dec 31, 2019 (latest update) were 
ascertained by death certificate records in the National 
Death Index, which was linked to NHANES data by the 
National Center for Health Statistics.20 Causes of mortality 
were ascertained by ICD-9 and ICD-10 codes. The National 
Center for Health Statistics classifies cardiovascular disease 
mortality as death from heart disease (codes I00–I09, I11, 
I13, and I20–I51) or cerebrovascular disease (codes 
I60–I69), and cancer mortality as death from malignant 
neoplasms (codes C00–C97). Time-to-event was calculated 
as person-months from the recruitment date to death or 
follow-up end. In the 2015–16 cycle, cerebrovascular dis
ease and accident deaths were not categorised by causes 
due to the small number of cases. Thus, we excluded 
2015–16 cycle data in the cause-specific analyses for 
cardiovascular disease and accident mortality.20

Covariates
Demographic and socioeconomic data were collected 
through questionnaires and included age, sex, race and 
ethnicity, education, marital status, and household income. 
The income–poverty ratio was calculated as household 
income to the regional poverty line.21 Bodyweight and 
height were measured by trained staff and BMI was cal
culated as weight divided by the square of height. Alcohol 
intake and the Alternative Healthy Eating Index 2010 
(AHEI-2010) score were estimated as the average intake 
from two 24-h recalls that spanned 3–10 days. The AHEI- 
2010 score is a composite measure of overall diet quality, 
with a higher score representing better diet quality.22 We 
categorised alcohol intake as 45 g or more per day versus 
less than 45 g per day based on a meta-analysis showing 
elevated mortality beyond this cutoff.23 Physical activity was 
assessed through a questionnaire from which we calculated 
the metabolic equivalent of task in minutes per week. 
Because this questionnaire has changed since the 
2007 cycle, we categorised the population into quartiles of 
estimated metabolic equivalent of task for each cycle. We 
categorised participants with serum cotinine concen
trations of 10 ng/mL or more as exposed to tobacco.24,25

The calendar month at recruitment was reported as a binary 

season variable (November–April and May–October) in 
NHANES. Vitamin biomarkers included red blood cell 
folate concentrations (2005–16 cycles), and serum con
centrations of total 25-hydroxy-vitamin D (25[OH]D; 
2005–16 cycles), vitamin B12 (2005–06 and 2011–14 cycles), 
and vitamin B6 (2007–10 cycles).

Random forest with single imputation26 was used to 
impute missing covariate values that ranged from 0⋅06% 
(marital status) to 21⋅3% (physical activity, metabolic 
equivalent of task; appendix p 24).

Statistical analysis
Descriptive analyses for population characteristics and 
chemical biomarker concentrations accounted for the 
NHANES sampling stratification, clustering, and sub
sample weighting. We used Cox proportional hazards 
models with a penalised spline term to assess the linearity 
of chemical-mortality associations. After finding no sig
nificant departures from linearity (appendix pp 25–26), we 
specified exposure variables as linear terms in regression 
models. In the main analysis, we first used quantile-based 
g-computation (QGC) accounting for sampling weights to 
examine hazard ratios (HRs) and 95% CIs for all-cause, 
cardiovascular disease, and cancer mortality, respectively, 
per tertile increase in chemical mixture concentrations. 
The mixture included bisphenol A, MEP, MBP, MiBP, 
MBzP, MEHP, MEHHP, MEOHP, and MECPP. Adjusted 
covariates were selected a priori as confounders based on a 
directed acyclic graph (appendix p 27), and included age, 
sex, education, race and ethnicity, marital status, BMI, 
serum cotinine concentration, income–poverty ratio, 
AHEI-2010 score, alcohol consumption, survey cycle, sea
son, quartiles of metabolic equivalent of task, and urinary 
creatinine concentrations. Based on our literature search, 
we hypothesised that exposure to the plasticiser chemical 
mixture might increase the risk of cancer, cardiometabolic 
diseases, and mortality (appendix pp 4–21). Thus, we 
used accident mortality as a negative control outcome as 
we did not expect chemical exposure to causally lead to 
accident-related mortality.27

We estimated the population attributable fraction,28 and 
the associated number of excess deaths for a tertile change 
in the plasticiser mixture concentration and for other major 
modifiable lifestyle factors including obesity, excessive 
alcohol consumption, tobacco exposure, poor diet, and 
physical inactivity (appendix p 28). We examined effect 
measure modification by red blood cell folate concen
trations, and serum concentrations of vitamins B6, B12, 
and D, as well as diet quality (AHEI-2010 score) on mixture- 
mortality associations. We used QGC models including 
interaction terms between the chemical mixture and ter
tiles of vitamins or AHEI-2010 score, adjusting for the same 
covariates described above. We used tertiles to stratify 
groups based on exploratory results from Generalised 
Additive Models, which flexibly examined the interaction 
term (appendix pp 28–32), as well as to preserve power 
within each stratified group.29,30 Vitamin supplementation, 
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especially at high doses, has shown contradictory results on 
cardiovascular disease, cancer, and mortality endpoints in 
randomised controlled trials,31–33 and can lead to heteroge
neous increases in the vitamin biomarkers investigated, 
potentially obscuring true associations. Therefore, we 
restricted the effect measure modification analyses on 
vitamins to the population who did not report taking 
corresponding vitamin supplements in the two 24-h 
recalls (supplement intake information available in cycle 
2007–08 and onwards; percent of supplement users in 
either of the recalls: 27% for folic acid, 31% for vitamin D, 
29% for vitamin B6, and 28% for vitamin B12). Neverthe
less, we also examined the effect measure modification, 
including participants who reported dietary supplement 
use, as a sensitivity analysis.

Several sensitivity analyses were performed. First, 
because the four di-2-ethylhexyl phthalate metabolites were 
moderately to highly correlated, we repeated QGC mixture 
models, grouping the four di-2-ethylhexyl phthalate metab
olites as a molar sum. Second, we conducted adjusted and 
survey-weighted Cox proportional hazards models for each 
individual chemical (natural log-transformed) with all-cause, 
cardiovascular disease, and cancer mortality, to compare 
with QGC mixture results. Third, we restricted analyses to 
participants aged 55 years and older to reduce the influence 
of person-time at low risk of death. Fourth, analyses were 
stratified by participant sex. Fifth, we calculated E-values, 
which represent the minimum association between a 
potential unmeasured confounder with both the exposure 
and outcome that could explain away the observed results.

All statistical analyses were done in R (version 4.3.0). 
Random forest imputation was done by the missForest 
(version 1.5) package. QGC and effect measure modifica
tion analyses were done by qgcomp (version 2.10.1) and 
qgcompint (version 0.7.0) packages.

Role of the funding source
The funders had no role in data collection, analysis, inter
pretation, writing of the manuscript, or the decision to 
submit for publication.

Results
8378 participants were included with a mean of 8⋅5 years of 
follow-up (SD 3⋅4; table 1). The mean age was 44⋅4 years 
(SD 15⋅7) and the mean BMI was 28⋅8 kg/m2. Most of the 
participants were Non-Hispanic White (n=1913 [US rep
resentative percentage 65%]), obtained a college degree or 
higher (n=4357 [61%]), and were married or living with a 
partner (n=4994 [64%]). About one-fourth of the partic
ipants were exposed to tobacco (n=2091 [26%]), while 290 
(5%) of the population consumed 45 g or more per day of 
alcohol. 633 deaths occurred in 71 127 person-years of 
follow-up. Except the four di-2-ethylhexyl phthalate 
metabolites that were moderately to highly correlated 
among them (r for cratio-adjusted concentrations 
0⋅57–0⋅97), low to moderate Spearman correlations were 

observed among other chemical biomarkers (0⋅05–0⋅51; 
appendix p 23).

Each tertile increase in the mixture concentration was 
associated with a 35% higher hazard for all-cause mortality 
(HR 1⋅35, 95% CI 1⋅02–1⋅78), a 79% higher hazard for 
cancer mortality (1⋅79, 1⋅06–3⋅03), and an 83% higher haz
ard for cardiovascular disease mortality (1⋅83, 1⋅04–3⋅22; 
table 2). No association was found for accident-related 
mortality (0⋅96, 0⋅30–3⋅05). MECPP contributed the most to 
the overall association between the mixture and all-cause 
mortality, with a weight of 36%, followed by MEP (19%), 
MBP (18%), and MBzP (16%; appendix p 33). MEHHP had 
the highest contribution (35%) for the cancer mortality 
association, followed by MEP (27%). MECPP contributed 
the most (57%) to the cardiovascular disease mortality 

N=8378

Number of deaths 633
Years of follow-up 8⋅5 (3⋅4)
Age, years 44⋅4 (15⋅7)
BMI, kg/m2 28⋅8 (6⋅8)
Sex

Male 4127 (51⋅1%)

Female 4251 (48⋅9%)
Race or ethnicity

Hispanic 2230 (15⋅0%)

Non-Hispanic White 1913 (65⋅3%)

Non-Hispanic Black 3297 (12⋅0%)

Other 938 (7⋅7%)
Highest education

Less than middle school 856 (5⋅6%)

Middle school 1230 (11⋅1%)

High school degree 1925 (22⋅6%)

College degree 2431 (31⋅5%)

College graduate or higher 1926 (29⋅2%)
Household income-poverty ratio

<1 1670 (14⋅6%)

≥1 to <1⋅5 1186 (10⋅9%)

≥1⋅5 4793 (74⋅5%)
Marital status

Married or living with partner 4994 (63⋅8%)

Widowed, divorced, or separated 1638 (16⋅4%)

Never married 1741 (19⋅8%)
Serum cotinine concentration ≥10 ng/mL 2091 (26⋅1%)
Alcohol consumption ≥45 g per day 290 (5⋅2%)
Survey season

May–October 3977 (42⋅9%)

November–April 4401 (57⋅1%)
Alternative Healthy Eating Index, 2010 score 33⋅45 (10⋅49)
Metabolic equivalent of task, min per week 480 (120–1200)

Data are n (%), mean (SD), or median (quartile 1–quartile 3), unless otherwise 
specified. The mean (SD) and percentages in this table were US nationally 
representative.

Table 1: Population characteristics of adults aged ≥20 years, National 
Health and Nutrition Examination Survey 2005–16
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association, followed by MBzP (15%) and bisphenol A 
(14%; appendix p 33).

We estimated that 10⋅31% (95% CI 0⋅78–20⋅38) of 
total deaths, 21⋅51% (1⋅34–42⋅27) of cancer deaths, and 
20⋅77% (2⋅03–40⋅10) of cardiovascular disease deaths were 
attributable to a tertile change in mixture concentrations, 
which translates to an average of 256 471 total death cases, 
126 798 cancer deaths, and 127 920 cardiovascular disease 
deaths annually in the USA. The estimated population 
attributable fraction of total deaths due to a tertile increase 
in mixture exposure was lower than that of tobacco expos
ure (population attributable fraction 16⋅49%, 95% CI 
11⋅89–21⋅10), while higher than the population attributable 
fraction due to physical inactivity (ie, metabolic equivalent 
of task in the lowest quartile range; 3⋅61%, 0⋅06–7⋅19; 
figure).

Among participants who did not use vitamin 
D supplements, the positive associations between the 
mixture and all-cause, cancer, and cardiovascular disease 
mortality were observed among participants in the lowest 
tertile of serum total 25(OH)D (all-cause mortality HR 2⋅09, 
95% CI 1⋅27–3⋅47; cancer mortality HR 4⋅88, 1⋅70–13⋅96; 
and cardiovascular disease mortality HR 12⋅48, 3⋅26–47⋅75), 
while no deleterious associations were found among those 
in the second or third vitamin D tertiles (table 3). Similarly, 
among participants who did not use folic acid supplements, 
the positive association between the mixture and cancer 
mortality was only observed among those in the lowest ter
tile of red blood cell folate concentrations (HR 4⋅06, 95% CI 
1⋅20–13⋅80), while not in the upper tertiles (table 3). In 
contrast, a positive association between the mixture and all- 
cause mortality was only found in the highest tertile of 
serum vitamin B12 concentrations (5⋅09, 1⋅19–21⋅71), while 
not in the lower tertiles. No obvious effect measure modi
fication was observed for serum vitamin B6 or AHEI-2010 
score (table 3).

In sensitivity analyses, using the sum of di-2-ethylhexyl 
phthalate metabolites in the mixture did not change results 
for all-cause or cancer mortality but slightly attenuated esti
mates for cardiovascular disease mortality (appendix p 34). 
Single-pollutant Cox models showed positive associations 
for MBP, MEP, MBzP, and MECPP with all-cause 
mortality, for MBP, MEP, and MiBP with cancer mortality, 
and for MECPP with cardiovascular disease mortality 
(appendix pp 35–36). After restricting to age 55 years and 
older, results were consistent with primary results in the total 
population, where the mixture exposure was positively 
associated with all-cause, cancer, and cardiovascular disease 
mortality (appendix p 37). Mixture associations with all-cause 
mortality were similar but slightly stronger among females 
than among males. The mixture–cardiovascular disease 
mortality association was stronger in females (HR 2⋅14, 
95% CI 1⋅18–3⋅89) than males (1⋅55, 0⋅69–3⋅44), while the 
association with cancer mortality was predominantly 
observed in males (2⋅75, 1⋅29–5⋅83) but not females 
(1⋅23, 0⋅60–2⋅55; appendix p 38). However, interaction terms 
were not statistically significant (p for interaction=0⋅50 for 

both all-cause and cardiovascular disease mortality and 
0⋅11 for cancer mortality; appendix p 38). The estimated 
E-values for the observed associations between the mixture 
and all-cause, cancer, and cardiovascular disease mortality 
were 1⋅16, 1⋅31, and 1⋅24 for the lower 95% CIs and 2⋅04, 
2⋅98, and 3⋅06 for the point estimates, representing the 
strength of confounding required to reduce the associations 
to null (appendix p 39). When participants using vitamin 
supplements were included in the effect measure 

Mixture (N=8378)

Cases per person-month Hazard ratio (95% CI)

All-cause mortality 633/853 519 1⋅35 (1⋅02–1⋅78)
Cancer mortality 153/853 519 1⋅79 (1⋅06–3⋅03)
Cardiovascular disease mortality* 160/788 692 1⋅83 (1⋅04–3⋅22)
Accident mortality* 27/788 692 0⋅96 (0⋅30–3⋅05)

Mixture included urinary concentrations of creatinine-ratio-adjusted bisphenol A, monoethyl phthalate, monobutyl 
phthalate, mono-isobutyl phthalate, monobenzyl phthalate, mono(2-ethylhexyl) phthalate, mono(2-ethyl- 
5-hydroxyhexyl) phthalate, mono(2-ethyl-5-oxohexyl) phthalate, and mono(2-ethyl-5-carboxypentyl) phthalate. Models 
were adjusted for age (continuous), sex (female or male), highest education attainment (less than middle school, middle 
school, high school degree, college degree, college graduate, or higher), race and ethnicity (Hispanic, Non-Hispanic White, 
Non-Hispanic Black, or Other), marital status (married or living with a partner; widowed, divorced, or separated; or never 
married), BMI (continuous), serum cotinine concentration (continuous), ratio of household income to regional poverty 
line (continuous), Alternative Healthy Eating Index-2010 score (continuous), alcohol consumption (<45 g per day vs 
≥45 g per day), cycle (categorical), season (May–October or November–April), quartiles of the metabolic equivalent of task 
(categorical), and natural-log transformed urinary creatinine concentrations (continuous). *Analyses on cardiovascular 
disease and accident mortality did not include 2015–16 cycle data because the National Health and Nutrition Examination 
Survey categorised cerebrovascular disease and accident mortality into other causes of death due to the small number of 
cases in this cycle. N=7004 for cardiovascular and accident mortality.

Table 2: Hazards ratio (95% CI) of mortality per tertile increase in urinary concentration of the mixture of 
plasticiser chemicals, National Health and Nutrition Examination Survey 2005–16
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Figure: Population attributable fraction of all-cause mortality due to 
modifiable factors in the US general population 
Tobacco exposure was defined as a serum cotinine concentration of ≥10 ng/mL; 
physical inactivity was defined as a metabolic equivalent of task in the lowest 
quartile of each cycle. Other examined modifiable factors were not significantly 
associated with all-cause mortality and were not presented in the plot, including 
obesity (ie, a BMI of ≥30 kg/m2; hazard ratio 1⋅03, 95% CI 0⋅92–1⋅16), excessive 
alcohol consumption (ie, ≥45 g per day; 0⋅95, 0⋅68–1⋅34), and poor diet (ie, an 
Alternative Healthy Eating Index score of <25; 1⋅08, 0⋅91–1⋅28). Models were 
adjusted for age (continuous), sex (binary), highest education attainment 
(categorical), race and ethnicity (categorical), marital status (categorical), BMI 
(continuous), ratio of household income to regional poverty line (continuous), 
cycle (categorical), season (binary), Alternative Healthy Eating Index–2010 score 
(continuous), alcohol intake (<45 g per day vs ≥45 g per day), cotinine 
concentration (continuous, not adjusted in models for tobacco exposure), and 
physical activity (metabolic equivalent of task quartiles, not adjusted in physical 
inactivity models). The plasticiser mixture model was additionally adjusted for 
natural log-transformed urinary creatinine concentrations (continuous).
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modification analysis, evidence of modification was also 
observed across vitamin D, folate, vitamin B12, and B6 ter
tiles, but more complex relationships emerged, such as the 
U-shape patterns observed across tertiles of most vitamin 
concentrations (appendix p 40).

Discussion
In this US nationally representative study, exposure to a 
mixture of phthalate metabolites and bisphenol A was 
associated with a higher risk of all-cause, cardiovascular 
disease, and cancer mortality, but not with accident mor
tality. The deleterious associations were only found among 
participants in the lowest tertile of serum vitamin D or red 
blood cell folate concentrations. In contrast, higher serum 
B12 concentrations strengthened the mixture-mortality 
association.

Previous NHANES studies have only evaluated exposure 
to individual phthalates or phenols and mortality risk using 
single-chemical models. In general, they found consistent 
evidence that exposure to higher urinary concentrations of 
di-2-ethylhexyl phthalate metabolites, MBP, MBzP, and 
bisphenol A were associated with a higher risk of all-cause 
mortality.12,13,34–36 However, associations with cause-specific 

mortality were less consistent, of which bisphenol A was 
reported to be associated with cardiovascular disease mor
tality in some studies,13,36 while not in others.35 Higher 
MBzP, MBP, and MiBP urinary concentrations were 
associated with higher cancer mortality risk,34 while the 
association was null when metabolites were grouped by 
molecular weight and analysed together.12 One study con
sistently reported sex-specific findings for which MBP was 
associated with higher cancer mortality among males but 
not females,36 whereas other studies reported no hetero
geneity by sex.12,13,34 The inconsistencies in cause-specific 
and sex-specific findings can be due to varying sample sizes, 
a reduced number of cases, and heterogeneity in the 
examined NHANES cycles and individual chemicals. Not
ably, all previous studies handled urine dilution by simply 
including creatinine concentration in regression models or 
dividing chemical concentration by the original creatinine 
concentration,12,13,34–36 which might not sufficiently control 
for confounding arising from factors related to both cre
atinine concentration and death risk factors.19 Other limi
tations included an absence of control for physical activity35,37

and diet,34,36 and potential selection bias by restricting to 
subpopulations with complete covariate data.36

Tertile 1 Tertile 2 Tertile 3 p for 
interaction

Cases per 
person-month

HR (95%CI) Cases per 
person-month

HR (95%CI) Cases per 
person-month

HR (95%CI)

Serum total 25-hydroxy-vitamin D, 2007–16 cycles
All-cause mortality 89/134 410 2⋅09 (1⋅27–3⋅47) 80/133 802 0⋅70 (0⋅36–1⋅37) 62/135 460 0⋅73 (0⋅40–1⋅33) 0⋅0046
Cancer mortality 22/134 410 4⋅88 (1⋅70–13⋅96) 12/133 802 0⋅98 (0⋅18–5⋅38) 14/135 460 0⋅89 (0⋅29–2⋅76) 0⋅064
Cardiovascular disease mortality* 22/120 236 12⋅48 (3⋅26–47⋅75) 26/119 879 0⋅40 (0⋅06–2⋅66) 15/121 539 0⋅07 (0⋅02–0⋅29) <0⋅0001
Red blood cell folate, 2007–16 cycles
All-cause mortality 85/148 273 1⋅29 (0⋅61–2⋅71) 65/153 701 0⋅75 (0⋅38–1⋅46) 131/142 064 1⋅02 (0⋅63–1⋅63) 0⋅52
Cancer mortality 23/148 273 4⋅06 (1⋅20–13⋅80) 16/153 701 0⋅89 (0⋅29–2⋅69) 25/142 064 1⋅46 (0⋅51–4⋅13) 0⋅18
Cardiovascular disease mortality* 23/133 281 0⋅86 (0⋅36–2⋅06) 19/137 952 0⋅35 (0⋅07–1⋅64) 32/127 752 1⋅26 (0⋅40–3⋅97) 0⋅42
Serum vitamin B6, 2007–10 cycles
All-cause mortality 96/77 464 1⋅31 (0⋅67–2⋅57) 45/80 153 0⋅64 (0⋅25–1⋅69) 34/80 754 0⋅84 (0⋅35–2⋅01) 0⋅41
Cancer mortality 25/77 464 NA 10/80 153 NA 5/80 754 NA ⋅⋅
Cardiovascular disease mortality 30/77 464 NA 11/80 153 NA 5/80 754 NA ⋅⋅
Serum vitamin B12, 2011–14 cycles
All-cause mortality 27/49 231 0⋅98 (0⋅36–2⋅64) 22/48 979 1⋅36 (0⋅41–4⋅57) 23/49 584 5⋅09 (1⋅19–21⋅71) 0⋅14
Cancer mortality 10/49 231 NA 3/48 979 NA 7/49 584 NA ⋅⋅
Cardiovascular disease mortality 6/49 231 NA 7/48 979 NA 8/49 584 NA ⋅⋅
Alternative Healthy Eating Index–2010 score, 2007–16 cycles
All-cause mortality 154/210 810 1⋅04 (0⋅65–1⋅65) 160/211 053 1⋅20 (0⋅69–2⋅09) 128/210 249 1⋅11 (0⋅69–1⋅79) 0⋅91
Cancer mortality 45/210 810 1⋅48 (0⋅65–3⋅35) 34/211 053 0⋅89 (0⋅38–2⋅11) 39/210 249 1⋅17 (0⋅48–2⋅81) 0⋅71
Cardiovascular disease mortality* 37/189 506 0⋅88 (0⋅36–2⋅12) 38/192 048 2⋅43 (0⋅98–6⋅05) 30/190 612 0⋅90 (0⋅28–2⋅83) 0⋅17

Mixture included urinary concentrations of creatinine-ratio-adjusted bisphenol A, monoethyl phthalate, monobutyl phthalate, mono-isobutyl phthalate, monobenzyl phthalate, mono(2-ethylhexyl) phthalate, 
mono(2-ethyl-5-hydroxyhexyl) phthalate, mono(2-ethyl-5-oxohexyl) phthalate, and mono(2-ethyl-5-carboxypentyl) phthalate. Models were adjusted for age (continuous), sex (female or male), highest education 
attainment (less than middle school, middle school, high school degree, college degree, college graduate, or higher), race and ethnicity (Hispanic, Non-Hispanic White, Non-Hispanic Black, or other), marital status 
(married or living with a partner; widowed, divorced, or separated; and never married), BMI (continuous), serum cotinine concentration (continuous), ratio of household income to regional poverty line (continuous), 
Alternative Healthy Eating Index–2010 score (continuous, not adjusted in models stratified by tertiles of Alternative Healthy Eating Index–2010 score), alcohol consumption (<45 g per day vs ≥45 g per day), cycle 
(categorical), season (May–October or November–April), quartiles of the metabolic equivalent of task (categorical), and natural-log transformed urinary creatinine concentrations (continuous). Models on nutrient 
tertiles were restricted to those who did not report taking respective nutrient supplements in the two 24-h diet recalls. To preserve power and reduce chance findings, we did not run regression models when the number 
of death cases was less than 10. HR=hazard ratio. NA=not analysed. *Analyses on cardiovascular disease mortality did not include 2015–16 cycle data because National Health and Nutrition Examination Survey 
categorised cerebrovascular disease mortality into other causes of death due to the small number of cases in this cycle.

Table 3: Hazards ratio (95% CI) of mortality per tertile increase in urinary plasticisers mixture concentration across tertiles of vitamin biomarkers or Alternative Healthy Eating Index-2010 
scores among participants who did not report taking dietary supplements, National Health and Nutrition Examination Survey 2005–16
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To the best of our knowledge, our study is the first to 
explore the mitigation potential of vitamin biomarkers on 
the plasticiser mixture-mortality association. Our findings 
suggest that an optimal status of vitamin D and folate could 
counteract the adverse effects of plastic-associated chem
icals. Vitamin D status has indeed been associated with a 
lower mortality risk in previous population studies.38–41

However, there is mixed evidence regarding the association 
between folate status and mortality, and some studies even 
show that excessive folic acid intake from supplements was 
associated with higher cancer mortality.33,42 The inconsist
encies might be due to the differential effects of natural 
folate compared with folic acid through fortification or 
supplementation. Indeed, when participants using folic acid 
supplements were included in the analysis (appendix p 40), 
we found more complex and U-shape effect measure 
modification patterns. Notably, previous epidemiological 
and toxicological studies support the idea that folate and 
vitamin D might interact with phthalates and bisphenol 
A exposure,43,44 being able to mitigate their deleterious 
effects on adverse pregnancy and birth outcomes,45 child 
neurodevelopmental impairments,46 and metabolic alter
ations in both pregnant mothers and children.47 Although 
the mechanisms remain speculative, these vitamins might 
act by counteracting elevated oxidative stress associated 
with exposure to plasticiser chemicals.15 In contrast, we 
found that vitamin B12 concentrations showed a syner
gistic interaction with chemical mixture exposure on 
mortality, which is not surprising since elevated B12 con
centrations have been associated with a higher mortality 
risk.48,49 We did not find effect measure modification 
between the mixture and AHEI-2010 diet score, consistent 
with two previous studies reporting no interaction between 
bisphenol A and diet quality on mortality risk.50,51

We estimated that 10⋅3% of annual deaths in the USA 
could be attributable to the mixture of eight phthalate 
metabolites and bisphenol A. If the mixture concentration 
was reduced by a tertile (a realistic objective based on pre
vious lifestyle intervention studies),52,53 an average of 
256 471 death cases could be prevented annually. Although 
a single observational study cannot attain definitive causal 
evidence,54 there is ample toxicological and epidemiological 
evidence supporting a likely causal effect of exposure to the 
examined phthalate metabolites and bisphenol A on 
human chronic diseases that are potential causes of death. 
Indeed, we prioritised the chemicals showing a higher 
weight-of-evidence, increasing the biological plausibility of 
our findings (appendix pp 4–21). The null association 
between mixture exposure and accident mortality (the 
negative control outcome) also strengthened the plausibil
ity of our findings. The potential for public health preven
tion appears enormous, since our data show that the 
number of deaths attributable to the plasticiser mixture is 
lower than tobacco exposure, but similar or higher than 
other well known risk factors such as physical inactivity. 
Apart from regulatory and community-level interventions 
to reduce exposure to these plasticisers, our results also 

open the door to nutritional interventions aimed at opti
mising folate and vitamin D concentrations to mitigate the 
adverse effects of plastic-associated chemicals. Notably, the 
chemicals investigated in this study could also correlate 
with overall exposure to plastics including micro-plastics 
and nano-plastics (as preliminary environmental data 
shows),55 and therefore we hypothesise that the estimated 
death burden associated with the current mixture exposure 
could also partially reflect the overall burden of plastics 
exposure in the population. In any case, a general reduction 
in exposure to plastics is expected to reduce exposure to 
both plastic-associated chemicals and micro-plastics and 
nano-plastics. Considering the evidence as a whole and 
with previously estimated costs,9,12,36 our results support 
the urgent need for the expected UN Global Plastics 
Treaty, which should establish a global limit on plastic 
production, restrict single-use plastics, and implement 
stricter regulations for plastic-associated chemicals.56,57

Our study is the first to analyse several phthalate metab
olites and bisphenol A as a mixture based on previous evi
dence of their potential health impacts and common 
exposure sources from plastics. This study is also the first 
time that vitamins have been examined as a potential 
mitigation measure to reduce the impact of chemicals on 
mortality risk. The representative and large sample size, 
and relatively long follow-up period are notable strengths. 
We also used state-of-the-art methods to impute chemical 
non-detected values, correct for urine dilution using the 
novel standardised creatinine adjusted method,19 and 
impute missing covariate values to maximise our sample 
size and avoid selection bias. Of note, our study is the first to 
apply the standardised creatinine adjusted approach to this 
topic, which can control for urine dilution and also reduce 
bias and confounding from factors influencing both cre
atinine concentrations and death risk factors. Multiple 
sensitivity analyses were done, in all cases supporting the 
robustness of our findings. Nevertheless, our study is not 
without limitations. Firstly, although NHANES is the best 
dataset to test our hypothesis since it has the most abundant 
data on chemicals, vitamin biomarkers, and long-term 
mortality follow-up, urinary chemical concentrations were 
assessed at only one timepoint. Because the investigated 
plasticisers are short-lived chemicals, one measurement 
might not be fully representative of the individual’s overall 
exposure pattern. However, we expect this error to be non- 
differential, which would tend to drive our results towards 
the null,58 underestimating rather than overestimating 
associations. Secondly, although we controlled for the most 
important known risk factors, unmeasured confounding is 
still possible. Nevertheless, we believe this possibility is 
small as E-values for the observed point estimates were 
large (2⋅04–3⋅06).27

In this US nationally representative study, we observed 
that exposure to a mixture of eight phthalate metabolites 
and bisphenol A, selected based on a priori evidence, was 
associated with a higher risk of all-cause, cancer, and car
diovascular disease mortality. If exposure to this mixture 
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was reduced by a tertile, hundreds of thousands of deaths 
could be prevented in the USA each year. The deleterious 
associations were only found among participants in the 
lowest tertile of vitamin D or folate concentrations. These 
findings highlight the enormous health burden posed by 
human exposure to mixtures of plastic-associated chem
icals, urging efforts to intervene and reduce exposure levels, 
optimise folate and vitamin D status, and regulate 
chemicals on a mixture basis.
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