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Abstract

Context: Accelerating evidence of endocrine-related morbidity has raised alarm about the 

ubiquitous use of phthalates in the human environment, but studies have not directly evaluated 

mortality in relation to these exposures.

Objectives: To evaluate associations of phthalate exposure with mortality, and quantify 

attributable mortality and lost economic productivity in 2013–4 among 55–64 year olds.

Design, setting and participants: This nationally representative cohort study included 

5,303 adults aged 20 years or older who participated in the US National Health and 

Nutrition Examination Survey 2001–2010 and provided urine samples for phthalate metabolite 

measurements. Participants were linked to mortality data from survey date through December 31, 

2015. Data analyses were conducted in July 2020.

Main Outcome Measures: Mortality from all causes, cardiovascular disease, and cancer.
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Results: Multivariable models identified increased mortality in relation to high-molecular weight 

(HMW) phthalate metabolites, especially those of di-2-ethylhexylphthalate (DEHP). Hazard ratios 

(HR) for continuous HMW and DEHP metabolites were 1.14 (95% CI 1.06–1.23) and 1.10 (95% 

CI 1.03–1.19), respectively, with consistently higher mortality in the third tertile (1.48, 95% CI 

1.19–1.86; and 1.42, 95% CI 1.13–1.78). Cardiovascular mortality was significantly increased in 

relation to a prominent DEHP metabolite, mono-(2-ethyl-5-oxohexyl)phthalate. Extrapolating to 

the population of 55–64 year old Americans, we identified 90,761–107,283 attributable deaths and 

$39.9–47.1 billion in lost economic productivity.

Conclusions: In a nationally representative sample, phthalate exposures were associated with 

all-cause and cardiovascular mortality, with societal costs approximating $39 billion/year or more. 

While further studies are needed to corroborate observations and identify mechanisms, regulatory 

action is urgently needed.

Graphical Abstract

Keywords

Phthalates; mortality; costs; attributable burden

Introduction

Accelerating evidence of endocrine disruption has raised alarm about the ubiquitous 

use of phthalates in the human environment.1 Low-molecular weight (LMW) phthalates 

are frequently added to shampoos, lotions and other personal care products to preserve 

scent,2 while high-molecular (HMW) weight phthalates are ingredients in manufacturing of 

many plastics for flooring, food wraps and intravenous tubing.3,4 Di-2-ethylhexylphthalate 

(DEHP) is a HMW phthalate of particular interest because industrial food processes 

frequently use products containing DEHP.4 As a result of their broad use, metabolites of 

these chemicals are regularly found in nearly all Americans.5–8

Laboratory and animal studies have found that phthalates induce oxidative stress,9,10 

estrogenicity,11 antagonism to androgens,8,12,13 and effects on expression of peroxisome

proliferator activated receptors,14 which are crucial to lipid and carbohydrate metabolism. 
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Human studies have confirmed increases in prematurity,15–17 gestational diabetes,18–20 

childhood21–23 and adult obesity,24 adult diabetes,25–27 cardiovascular disease,28 breast and 

thyroid cancers, 29–31 endometriosis,32 and infertility33 in relation to phthalate exposure.34 

In 2015, an expert panel identified a 40–69% probability that phthalates contribute 

to cardiovascular mortality by decreasing testosterone levels in adult men.35 Yet, the 

contribution of phthalate exposures to mortality has not been systematically assessed.

Estimates of the burden of disease and disability, and the costs of environmentally 

attributable disease, have proven extremely useful to translate findings and inform 

policymaking. They are grounded in rigorous methodology first described by the US 

National Academy of Sciences (NAS) in a report led by the Nobel Laureate economist 

Kenneth Arrow.36 These can also be leveraged to document the potential economic benefits 

of policy actions, such as the phase-out of lead in gasoline.37,38 In addition to the import 

of mortality as an endpoint in policy-making, the additional lost economic productivity due 

to early mortality should be considered in tradeoffs against the additional societal costs of 

safer alternatives. We therefore leveraged data from a nationally representative cohort to 

examine the association of urinary phthalates with all-cause and cause-specific mortality 

in US adults. We also estimated the lost economic productivity due to phthalate-associated 

mortality.

Methods

Study Population

The National Health and Nutrition Examination Survey (NHANES) is a nationally 

representative survey of civilian, noninstitutionalized residents, sampling rural, urban and 

suburban populations across the United States. It is administered by the National Center 

for Health Statistics (NCHS) at the Centers for Disease Control and Prevention (CDC). 

NHANES collects questionnaire data through in-person interviews in Mobile Examination 

Centers and collects specimens for laboratory testing.

NHANES protocols are approved by the NCHS Ethics Review Board, with written informed 

consent obtained from all participants. The present study leverages publicly available, 

already collected and deidentified data, and Dr. Trasande completed a self-attestation form 

developed an NYU Grossman School of Medicine Institutional Review Board confirming 

that the present study represents non-human subjects research.

For the present analysis, we included adults aged 40 years or older who participated 

in NHANES during the period from 2001 to 2010 and had available urinary phthalate 

metabolite data. We linked all participants to mortality data through 2015, which 

enabled approximately 10 years of observation for mortality outcomes. We followed the 

Strengthening the Reporting of Observational Studies in Epidemiology reporting guideline 

for cohort studies.39

Measurement of Phthalate Metabolites

We provide a brief summary here, and refer the reader to a detailed description of the 

methods of phthalate monoester metabolite measurement in NHANES.40 Glucuronidated 

Trasande et al. Page 3

Environ Pollut. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phthalate monoesters in spot urine samples were enzymatically deconjugated, and 

solid phase extraction was coupled with reversed phase high performance liquid 

chromatography-electrospray ionization-tandem mass spectrometry.41,42 Isotopically-labeled 

internal standards for each of the phthalate metabolites and 4-methyl umbelliferone 

glucuronide were added to improve assay precision, and monitor deconjugation of the 

monoesters. Levels of phthalate metabolites (12 in 2001–2002 samples, 15 in 2009–2010 

samples) in urine were measured in one-third of randomly selected NHANES participants 

using at the Division of Laboratory Sciences, National Center for Environmental Health, 

CDC. Lower limits of detection (LLOD) varied from 0.1527–0.8 μg/L for the 2001 to 

2002 samples and 0.2–0.84 μg/L for the 2009 to 2010 samples. The average percentage of 

samples below the LLOD was high for mono-cyclohexyl phthalate (93.3%), mono-isononyl 

phthalate (86.1%), mono-n-octyl phthalate (98.7%), mono-n-methyl phthalate (46.1%). 

Mono-(carboxyoctyl) phthalate and mono-(carboxynonyl) phthalate were only available 

in NHANES 2005–2006 to 2009–2010. Therefore, these metabolites were not included 

in this study. For levels below the LLOD (0–37.6% across the 9 phthalates), NHANES 

staff assigned a value of the LLOD divided by the square root of 2, following suggested 

practice.43

We grouped urinary biomarkers according to their use in product categories, calculating 

molar sums for LMW, HMW and DEHP metabolites, following the stratification used 

by previous authors, and their uses in consumer products.6 These are also produced in 

greater detail in the Supplement; briefly, LMW phthalates are generally used in personal 

care products and cosmetics, while HMW phthalates are found in flooring as well as 

food packaging materials, with DEHP particularly known for its contamination through 

food consumption and medical devices. All metabolite concentrations were log (base e)

transformed to account for skewed distribution. Our primary exposure variables were tertiles 

of metabolite groupings, though secondary analyses also examined the log-transformed 

total molar concentrations of LMW, HMW and DEHP metabolites and analyzed individual 

metabolites.

Mortality Data

We used the NHANES Public-Use Linked Mortality File through December 31, 2015, 

created by the NCHS by matching NHANES participants to the National Death Index with a 

probabilistic matching algorithm to determine mortality status.44 Underlying causes of death 

are categorized according to the International Classification of Diseases, Tenth Revision.45 

NCHS classifies cardiovascular 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).

Assessment of Covariates

NHANES collects questionnaire data on age, sex, race/ethnicity, educational level, family 

income, smoking status, alcohol drinking, physical activity, and dietary intake. Race/

ethnicity was categorized into Hispanic (including Mexican and non-Mexican Hispanic), 

non-Hispanic White, non-Hispanic Black, and other. Family income was categorized as 

the ratio of family income to the federal poverty level (<1.0, 1.0–1.9, 2.0–3.9, and ≥4.0). 

Trasande et al. Page 4

Environ Pollut. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Self-reported educational status was grouped as lower than high school, high school, and 

college or higher. In accordance with NCHS classifications, individuals who smoked <100 

cigarettes in their lifetime were defined as never smokers; those who had smoked >100 

cigarettes but did not smoke at the time of survey were considered former smokers; and 

those who had smoked >100 cigarettes in their lifetime and smoked cigarettes at the time 

of survey were considered current smokers. Alcohol intake was categorized as none (0 

g/d), moderate drinking (0.1 to 27.9 g/d for men and 0.1 to 13.9 g/d for women), and 

heavy drinking (≥28 g/d for men and ≥14 g/d for women). Participants were asked an 

array of questions related to daily activities in the questionnaire, from which metabolic 

equivalent of task (MET) minutes per week were calculated, following previous practice.46 

METs/week were categorized as below (less than 600 MET min/wk or 150 min/wk of 

moderate-intensity exercise); meeting (600 to 1200 MET min/wk or 150 to 300 min/wk of 

moderate-intensity exercise); or exceeding (at least 1200 MET min/wk or 300 min/wk of 

moderate-intensity exercise) 2008 guidelines. Dietary information was collected by 24-hour 

dietary recall interviews, from which total energy intake was calculated using the US 

Department of Agriculture Automated Multiple-Pass Method. We used the Healthy Eating 

Index-2010 (HEI-2010) to indicate overall quality of diet (ranging from 0, poor, to 100, 

optimal).47 Body weight and height were measured by trained health technicians following 

the NHANES Anthropometry Procedures Manual. Body mass index (BMI) was calculated 

as the weight in kilograms divided by the height in meters squared. To correct for urinary 

dilution, we controlled for urinary creatinine in all multivariable models, following usual 

practice.48,49

Statistical Analysis

Appropriately-weighted univariable, bivariable and multivariable analyses were conducted 

in a fashion that reflects the NHANES complex survey sampling design, following NCHS 

guidelines.50 All analyses applied two-sided tests, using a cutoff of p=0.05 for significance. 

All statistical analyses were conducted using the survey modules of SAS software, version 

9.4 (SAS Institute: Cary, NC, USA).

We used Cox proportional hazards regression models to estimate hazard ratios (HR) and 

95% CIs for the associations between each phthalate metabolite or category of metabolites 

and risk of mortality. Follow-up time was calculated as the difference between the NHANES 

examination date and the last known date alive or censored from the linked mortality file. 

Multivariable models sequentially added covariates as follows: (1) age, race/ethnicity, and 

creatinine; (2) sex, educational level, family income level, smoking status, alcohol intake, 

physical activity, total energy intake, and overall diet quality indicated by HEI-2010 score, 

and (3) BMI. To avert possible systematic bias introduced by a change in the urinary 

creatinine measurement method in 2007, we added a categorical variable representing 

NHANES wave to all models.

Analysis for Specificity of Association and Sensitivity to Design

We performed multiple analyses to interrogate the rigor of our associations. First, we 

used the E-value method51,52 to test whether and how our results were robust to potential 

unmeasured confounding. Second, we also performed unweighted analyses to confirm 
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that findings were not artifacts of statistical weighting. Third, we repeated main analyses 

stratified by age, sex, race/ethnicity, diet quality, physical activity, and obesity status and 

confirmed interactions when P values for interaction were less than 0.05. Fourth, individuals 

with CVD or cancer at baseline were excluded to evaluate persistence of any observed 

associations. Fifth, because mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP) was not 

available in NHANES 2001–2002 we excluded MECPP from analyses to evaluate the effect 

of data availability on the observed associations.53 Sixth, we also examined associations 

with mono-(carboxyoctyl) phthalate and mono-(carboxynonyl) phthalate in NHANES 2005–

2010 in separate models. Finally, as we also previously identified associations of bisphenol 

A (BPA) with mortality in a previous publication, we queried whether the associations of 

phthalates with mortality persisted despite addition of BPA to final models.

Estimates of Attributable Mortality and Lost Economic Productivity

We quantified mortality among 55–64 year olds, as this population was the basis for prior 

estimates of phthalate-attributable mortality,35 permitting closer comparison across methods. 

We computed these estimates using results from categorical and continuous models of 

phthalate exposure in multivariable regression analyses of all-cause mortality. Base-case 

estimates applied hazard ratios to the highest tertile of exposure derived from main statistical 

analyses with exposure as categorized in tertiles. As a sensitivity analysis, we applied the 

hazard ratios from multivariable models continuous exposure to the median exposure in each 

of the two higher tertiles to estimate increases in mortality in the US population.

For each of these two estimates, we first identified the baseline age-standardized mortality 

rate for 55–64 year olds in the US in 2014 from the CDC Wonder database.54 To generate 

the increment in death due to phthalates, we multiplied the age-standardized rate by the 

relative risk due to phthalate exposure, and subtracted the age-standardized rate. The 

resulting increment in death rate due to phthalate exposure was multiplied by the population 

of 55–64 year olds according to the Census Bureau55 to generate the attributable number 

of annual deaths. To generate estimates of lifetime economic productivity (LEP) loss due 

to death, we multiplied phthalate-attributable deaths by LEP estimates produced by Max et 

al.56 for 55–59 and 60–64 year olds from US sources in 2009 dollars, updating to 2014 using 

trends in general consumer prices from the US.57

Results

The median age of the study population (n=5,303) was 56.6 years (Table 1). Consistent 

with the demographics of the United States, 76.0% (SE 1.4) were non-Hispanic White, 

9.1% (SE 1.0) were Hispanic and 10.2% (SE 0.8) were non-Hispanic Black. Nearly three

fifths of the sample were college-educated or higher, 52.6% (SE 0.9) were female and 

almost one tenth met the federal poverty definition. One-third were obese, while another 

third were overweight. Nearly half were past or current smokers, and nearly one-fifth 

reported moderate or heavy drinking. Levels of low-molecular weight phthalates were 

higher in younger participants, men, non-Hispanic Blacks and Hispanics as well as lower 

education subpopulations. DEHP metabolites were higher in males, more highly educated 

and moderately drinking populations (Table S1).
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Multivariable models (Table 2) identified increased all-cause mortality in relation to higher 

tertiles of HMW (HR for highest quartile 1.48, 95% CI 1.19–1.86) and DEHP metabolites 

(HR for highest quartile 1.42, 95% CI 1.13–1.78). All-cause mortality was also significantly 

related to continuous, log (base e)-transformed measures of HMW (HR 1.14, 95% CI 1.06–

1.23) and DEHP (HR 1.10, 95% CI 1.03–1.19). When cardiovascular mortality was the 

outcome (Table S2), continuous models were nearly significant for DEHP with significant 

increases in the second quartile that persisted until BMI was added in full models. There 

were no significant associations with cancer mortality as the outcome (Table S3).

When specific metabolites were examined (Table 3), increased cardiovascular mortality 

was identified in relation to the highest tertile of monoethylphthalate (MEP, a LMW 

metabolite; HR 1.64, 95% CI 1.07–2.51), though continuous MEP was not significantly 

associated. The consistent associations were for two DEHP metabolites (mono-(2-ethyl-5

hydroxyhexyl) phthalate, MEHHP, and MECPP) with all-cause mortality, and one 

DEHP metabolite, mono-(2-ethyl-5-oxohexyl)-phthalate (MEOHP), with all-cause and 

cardiovascular mortality. Log-transformed MEHHP (1.09, 95% CI 1.02–1.17) and MEOHP 

(1.02, 95% CI 1.02–1.17) was significantly associated with greater all-cause mortality, while 

MECPP approached significance (1.09, 95% CI 0.997–1.18). Highest tertiles of MEHHP 

(1.27, 95% CI 1.01–1.589), MEOHP (1.32, 95% CI 1.08–1.62) and MECPP (1.31, 95% 

CI 1.04–1.64) were associated with all-cause mortality, and MEOHP was associated with 

cardiovascular mortality whether examined continuously (1.18, 95% CI 1.04–1.35) or by 

tertiles (highest: 1.74, 95% CI 1.05–2.88).

Sensitivity analyses revealed robust associations with all-cause mortality (for HMW and 

DEHP exposures and individual metabolites) and cardiovascular mortality (for individual 

DEHP metabolites). E-values for the association of HMW and DEHP were 1.95 (lower 

limit of 95% CI 1.51) and 1.87 (lower limit of 95% CI 1.40). E-values for the estimate 

(and E-value for the lower limit of the 95% CIs) for third tertiles of MEHHP, MEOHP and 

MECPP with all-cause mortality were 1.64 (1.09), 1.72 (1.30) and 1.70 (1.20), higher than 

the observed primary HRs for association of 1.27, 1.32 and 1.31. E-values (and lower limits 

for 95% CI) for the third tertile of MEP and MEOHP with cardiovascular mortality were 

2.66 (1.34) and 2.87 (1.28), compared to the observed HRs of 1.64 and 1.74. These HR were 

higher than the HRs of many of the known confounders that were measured in this study 

(e.g., age, which had an HR of 1.10 with all-cause mortality). Therefore, it is less likely 

that unmeasured confounding would otherwise explain all-cause mortality more than the 

known risk factors also evaluated. Unweighted models strengthened rather than diminished 

primary associations observed in weighted models (Tables S4-S7). When all-cause and 

cardiovascular mortality models were stratified by potential confounders, no interaction tests 

were significant for HMW and DEHP (Tables S8 and S9). Exclusion of CVD or cancer at 

baseline did not attenuate associations with all-cause mortality (Table S10). Exclusion of 

NHANES 2001–2002 participants attenuated DEHP associations with all-cause mortality to 

null, though associations with HMW remained significant (Table S11). Removal of MECPP 

from calculation of HMW and DEHP metabolites did not alter their relationshiops with all

cause mortality when exposure was measured either as a continuous or categorical variable 

(Table S12). Mono-(carboxyoctyl) phthalate and mono-(carboxynonyl) phthalate were not 

associated with mortality in NHANES 2005–2010 (Table S13). Addition of BPA to models 
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failed to attenuate associations of HMW with mortality, though associations of DEHP did 

attenuate to near-significance (Table S14).

In main analyses assuming effects only in the most highly exposed quartile of DEHP 

metabolites, we identified 107,283 attributable deaths, costing $47.1 billion in lost economic 

productivity. This is an annual societal cost insofar as exposures continue at current levels. 

Using relative risks derived from continuous models of all-cause mortality, we identified 

90,761 deaths and $39.9 billion in social costs (Table 4).

Discussion

The present study potentially increase the probability that phthalates contribute to 

cardiovascular mortality in adult men, and suggest that increased risk also exists among 

adult women. The lost economic productivity due to these exposures is large, on the 

order of $40–47 billion annually for people 55–64 years of age, much greater than a 

previous estimate of phthalate-associated mortality, $8.8 billion/year, based upon decreases 

in testosterone in adult men.35

Strengths of this analysis include the use of a nationally representative dataset, with 

careful documentation of cause of death. We were able to control for an abundant array 

of potential confounders, including but not limited to diet, physical activity and adiposity. 

There are a number of limitations. We appreciate a spot urine is limited in its capacity 

to represent chronic, long-term cardiovascular mortality as identified here, given that the 

typical half-life for phthalates is on the order of one to three days.58 However, previous 

evidence has suggested that a single spot-sampling approach may adequately reflect average 

population exposure when urine samples are collected from a sufficiently large population 

with random meal ingestion and bladder emptying times.59 Despite the use of the National 

Death Index, we cannot rule out possible errors in cause of death. There may also be 

residual confounding, though sensitivity analysis using E-values showed that the association 

of phthalates could only be negated by unmeasured confounder that had associations both 

with phthalate exposure and mortality with a moderate HR, in the range of >1.30.

We were not surprised to find cardiovascular mortality in relation to phthalate exposures, 

and particularly phthalates used in food contact materials. Mono-(2-ethylhexyl) phthalate 

(MEHP), a DEHP metabolite, increases expression of three peroxisome proliferator

activated receptors (PPARs)14 which play key roles in lipid and carbohydrate metabolism, 

providing biological plausibility for DEHP metabolites in childhood and diabetes. Emerging 

animal evidence also suggests that DEHP may produce arrhythmia,60 change metabolic 

profiles and produce dysfunction in cardiac myocytes.61 Longitudinal studies of adults 

have confirmed weight gain and incident diabetes in exposed adults.34 One explanation of 

the observed results is that phthalates increase cardiovascular morbidity but not mortality, 

which requires further study in large longitudinal cohorts of adults with and without 

antecedent cardiovascular risks such as obesity and diabetes. That said, the findings suggest 

an opportunity to reduce cardiovascular disease by limiting or eliminating environmental 

contamination of phthalates, such as phthalates in food.
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While some will argue that economic analyses are premature in the case of phthalate

induced cardiovascular mortality, it is important to consider the criteria first described 

by Sir Austin Bradford Hill for evaluating whether sufficient evidence exists to proscribe 

public health action.62 Leaving aside previous evidence for cardiovascular risks that further 

supports attribution, cardiovascular mortality is hardly the only endpoint known to be 

affected by this group of endocrine-disrupting chemicals (EDCs). We acknowledge that 

weighting by probability of causation should be considered in these and other costs 

of EDCs.35,63–65 We also acknowledge extrapolation from a single study is limited in 

calculating attributable deaths. We note that LEP is typically much lower than the value 

of a statistical life for the same age, and so we may have underestimated the costs of 

phthalate-induced mortality.66

Regulatory agencies have the power to require the use of safer alternatives in cosmetics, 

personal care products and food packaging. Already, the USA, Canada, Israel, Brazil, Hong 

Kong, Australia and China have all restricted or banned diethylhexylphthalate (DEHP), 

dibutylphthalate (DBP) and butylbenzylphthalate (BBP) in toys.63 However, there are fewer 

limits on phthalates in food contact materials and cosmetics. The European Food Safety 

Authority recently announced that current exposure to five phthalates commonly used in 

food contact materials “is not a concern for public health,”67 while the US Food and Drug 

Administration still allows the use of phthalates in food packaging under the Generally 

Recognized as Safe designation of the Federal Food Drug and Cosmetic Act (FFDCA).68 

Europe has banned DBP69 and DEHP70 from cosmetics, but the FDA has not used its 

regulatory authority under FFDCA to limit their use in the US.71

Given the multiple phthalates, sources of exposure and potential adverse outcome pathways, 

the present study focuses substantial urgency in further limits on DEHP in food contact 

materials and other consumer products. Due to the lag between measurement and mortality, 

we were unable to evaluate replacements of DEHP that have emerged over the past decade, 

including diisononyl (DINP) and diisodecylphthalate (DIDP). They have been associated 

with adverse metabolic endpoints previously associated with DEHP.7273 Alternatives to 

plastic in food packaging also exist (e.g., glass, stainless steel), and alternatives to 

plasticizers free of the hazards posed by antiandrogenic and oxidative stress may not be 

readily available, or may introduce other adverse effects. Given the body of evidence suggest 

ecological effects of plastic use, this study adds to the public health and business cases for 

reducing or eliminating the use of plastics. The latency of cardiovascular disease to mortality 

will require additional time before DIDP and DINP can be interrogated as risks, but the 

existing body of evidence suggests we will repeat history rather than learn from the failure 

to regulate other endocrine disruptors, such as bisphenols, as classes, rather than individual 

compounds.74

Conclusion

We identify substantial all-cause and cardiovascular mortality in a nationally representative 

sample in relation to phthalate exposures. The cost due to lost economic productivity are 

approximately $40 billion/year or more. While further studies are needed to examine the 

specific cancers driving the observed effects, the results are consistent with a large body 
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of evidence supporting antiandrogenicity observed in laboratory and human studies. In 

the context of a broader body of evidence confirming broad effects of these ubiquitous 

contaminants, regulatory action is urgently needed to reduce these preventable exposures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Phthalate exposures were associated with all-cause and cardiovascular mortality.

Further studies are needed to corroborate observations and identify mechanisms.

Extrapolating to 55–64 year olds, we identified >90,000 attributable deaths/year.

The results suggest $39.9–47.1 billion in lost economic productivity/year.

Regulatory action is urgently needed.

Trasande et al. Page 15

Environ Pollut. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Trasande et al. Page 16

Ta
b

le
 1

.

Ph
th

al
at

e 
E

xp
os

ur
es

 a
nd

 A
ss

oc
ia

tio
ns

 w
ith

 S
oc

io
de

m
og

ra
ph

ic
 a

nd
 B

eh
av

io
ra

l F
ac

to
rs

, N
H

A
N

E
S 

20
01

–2
01

0 
L

in
ke

d 
M

or
ta

lit
y 

Fi
le

.

C
ha

ra
ct

er
is

ti
c

N
o.

L
M

W
H

M
W

D
E

H
P

Te
rt

ile
 1

Te
rt

ile
 2

Te
rt

ile
 3

P
Te

rt
ile

 1
Te

rt
ile

 2
Te

rt
ile

 3
P

Te
rt

ile
 1

Te
rt

ile
 2

Te
rt

ile
 3

P

N
um

be
r 

of
 

pa
rt

ic
ip

an
ts

53
03

17
68

17
65

17
69

17
66

17
68

17
69

17
66

17
68

17
69

A
ge

, y
ea

rs
, 

m
ea

n 
±

 S
E

57
.9

±
0.

4
56

.2
±

0.
3

55
.4

±
0.

4
<

0.
00

01
57

.7
±

0.
4

56
.3

±
0.

3
55

.7
±

0.
3

<
0.

00
01

57
.4

±
0.

4
56

.5
±

0.
4

55
.8

±
0.

4
0.

00
1

Se
x,

 %
 (

SE
)

 
M

al
e

26
63

45
.6

 (
1.

5)
47

.1
 (

1.
4)

49
.7

 (
1.

5)
0.

10
40

.0
 (

1.
3)

51
.2

 (
1.

5)
51

.0
 (

1.
5)

<
0.

00
01

39
.4

 (
1.

4)
52

.2
 (

1.
5)

50
.6

 (
1.

5)
<

0.
00

01
 

Fe
m

al
e

26
40

54
.4

 (
1.

5)
52

.9
 (

1.
4)

50
.3

 (
1.

5)
60

.0
 (

1.
3)

48
.8

 (
1.

5)
49

.0
 (

1.
5)

60
.6

 (
1.

4)
47

.8
 (

1.
5)

49
.4

 (
1.

5)

R
ac

e/
et

hn
ic

ity
, 

%
 (

SE
)

 
H

is
pa

ni
c

12
20

6.
5 

(1
.0

)
8.

7 
(1

.2
)

12
.8

 (
1.

3)

<
0.

00
01

8.
0 

(1
.0

)
10

.2
 (

1.
3)

9.
3 

(1
.1

)

0.
00

1

7.
7 

(1
.0

)
10

.4
 (

1.
4)

9.
4 

(1
.1

)

0.
00

1

 
N

on
-

H
is

pa
ni

c 
w

hi
te

s
28

42
82

.5
 (

1.
4)

76
.6

 (
1.

7)
67

.2
 (

2.
1)

78
.6

 (
1.

5)
74

.6
 (

1.
8)

74
.6

 (
1.

7)
79

.2
 (

1.
4)

73
.4

 (
1.

9)
75

.2
 (

1.
8)

 
N

on
-

H
is

pa
ni

c 
bl

ac
k

10
47

4.
6 

(0
.5

)
10

.9
 (

1.
0)

16
.3

 (
1.

4)
7.

5 
(0

.7
)

11
.1

 (
1.

1)
12

.0
 (

1.
1)

7.
8 

(0
.7

)
11

.2
 (

1.
0)

11
.7

 (
1.

1)

 
O

th
er

19
4

6.
5 

(0
.9

)
3.

7 
(0

.6
)

3.
7 

(0
.6

)
5.

9 
(0

.8
)

4.
2 

(0
.7

)
4.

0 
(0

.7
)

5.
4 

(0
.7

)
5.

0 
(0

.8
)

3.
8 

(0
.7

)

E
du

ca
tio

n,
 %

 
(S

E
)

 
L

es
s 

th
an

 
hi

gh
 s

ch
oo

l
16

34
16

.5
 (

1.
0)

19
.7

 (
1.

1)
21

.7
 (

1.
4)

0.
00

1

18
.6

 (
1.

2)
19

.3
 (

1.
2)

19
.4

 (
1.

5)

0.
84

19
.3

 (
1.

2)
19

.7
 (

1.
2)

18
.3

 (
1.

4)

0.
89

 
H

ig
h 

sc
ho

ol
12

74
24

.0
 (

1.
2)

25
.8

 (
1.

3)
27

.1
 (

1.
6)

24
.7

 (
1.

2)
26

.0
 (

1.
5)

26
.0

 (
1.

3)
25

.3
 (

1.
2)

25
.1

 (
1.

5)
26

.2
 (

1.
3)

 
C

ol
le

ge
 o

r 
hi

gh
er

23
95

59
.5

 (
1.

6)
54

.6
 (

1.
5)

51
.2

 (
2.

0)
56

.7
 (

1.
6)

54
.7

 (
1.

8)
54

.6
 (

1.
6)

55
.3

 (
1.

6)
55

.2
 (

1.
7)

55
.5

 (
1.

7)

Fa
m

ily
 in

co
m

e 
to

 p
ov

er
ty

 
ra

tio
, %

 (
SE

)

 
<

1
79

7
8.

6 
(0

.9
)

9.
6 

(0
.8

)
10

.7
 (

0.
9)

0.
08

8.
9 

(0
.8

)
10

.0
 (

0.
9)

9.
7 

(0
.9

)

0.
9

9.
3 

(0
.8

)
10

.3
 (

0.
9)

9.
1 

(0
.8

)

0.
34

 
1.

−
1.

9
12

67
15

.2
 (

1.
0)

17
.2

 (
1.

2)
19

.4
 (

1.
2)

18
.0

 (
1.

2)
17

.1
 (

1.
2)

16
.2

 (
1.

1)
19

.0
 (

1.
2)

16
.8

 (
1.

2)
15

.5
 (

1.
0)

 
2–

3.
9

13
33

28
.4

 (
1.

7)
26

.4
 (

1.
4)

25
.2

 (
1.

2)
26

.1
 (

1.
4)

27
.6

 (
1.

3)
26

.8
 (

1.
3)

26
.4

 (
1.

4)
27

.2
 (

1.
2)

26
.8

 (
1.

4)

 
≥4

14
92

41
.5

 (
1.

9)
39

.8
 (

1.
6)

37
.8

 (
1.

7)
40

.0
 (

1.
8)

38
.7

 (
1.

9)
40

.8
 (

1.
5)

38
.2

 (
1.

9)
39

.4
 (

1.
8)

42
.0

 (
1.

5)

 
m

is
si

ng
41

4
6.

3 
(0

.7
)

6.
9 

(0
.8

)
3.

9 
(0

.7
)

7.
0 

(0
.8

)
6.

6 
(0

.7
)

6.
5 

(0
.7

)
7.

1 
(0

.8
)

6.
3 

(0
.8

)
6.

7 
(0

.7
)

Environ Pollut. Author manuscript; available in PMC 2023 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Trasande et al. Page 17

C
ha

ra
ct

er
is

ti
c

N
o.

L
M

W
H

M
W

D
E

H
P

Te
rt

ile
 1

Te
rt

ile
 2

Te
rt

ile
 3

P
Te

rt
ile

 1
Te

rt
ile

 2
Te

rt
ile

 3
P

Te
rt

ile
 1

Te
rt

ile
 2

Te
rt

ile
 3

P

A
lc

oh
ol

 d
ri

nk
, 

%
(S

E
)

 
N

on
-d

ri
nk

er
31

11
57

.6
 (

1.
4)

57
.3

 (
2.

0)
54

.4
 (

1.
6)

0.
74

54
.6

 (
1.

7)
56

.5
 (

1.
8)

58
.6

 (
1.

7)

0.
00

01

52
.3

 (
1.

7)
57

.0
 (

1.
7)

60
.4

 (
1.

7)

<
0.

00
01

 
M

od
er

at
e 

dr
in

ki
ng

36
2

6.
9 

(0
.7

)
7.

2 
(0

.9
)

7.
2 

(0
.8

)
5.

5 
(0

.6
)

6.
9 

(0
.8

)
9.

0 
(0

.8
)

4.
8 

(0
.6

)
7.

6 
(0

.8
)

9.
0 

(0
.8

)

 
H

ea
vy

 
dr

in
ki

ng
62

3
15

.1
 (

1.
3)

14
.7

 (
1.

3)
15

.2
 (

1.
1)

14
.7

 (
1.

4)
14

.0
 (

1.
0)

16
.2

 (
1.

3)
14

.5
 (

1.
3)

14
.1

 (
1.

2)
16

.3
 (

1.
3)

 
M

is
si

ng
12

07
20

.4
 (

1.
4)

20
.8

 (
1.

7)
23

.2
 (

1.
4)

25
.3

 (
1.

8)
22

.5
 (

1.
6)

16
.2

 (
1.

4)
28

.4
 (

1.
8)

21
.2

 (
1.

6)
14

.4
 (

1.
5)

Sm
ok

e,
 %

 
(S

E
)

 
N

ev
er

 
sm

ok
er

25
54

51
.4

 (
1.

5)
49

.7
 (

1.
4)

46
.1

 (
1.

6)

0.
06

49
.2

 (
1.

4)
49

.0
 (

1.
4)

49
.6

 (
1.

5)

0.
72

48
.7

 (
1.

5)
49

.1
 (

1.
5)

49
.9

 (
1.

5)

0.
21

 
E

ve
r 

sm
ok

er
16

96
30

.7
 (

1.
4)

31
.3

 (
1.

5)
31

.2
 (

1.
5)

30
.3

 (
1.

3)
30

.9
 (

1.
4)

31
.9

 (
1.

4)
30

.0
 (

1.
4)

30
.9

 (
1.

3)
32

.4
 (

1.
4)

 
C

ur
re

nt
 

sm
ok

er
10

53
17

.9
 (

1.
0)

19
.0

 (
1.

5)
22

.7
 (

1.
4)

20
.5

 (
1.

3)
20

.1
 (

1.
2)

18
.5

 (
1.

0)
21

.5
 (

1.
4)

20
.2

 (
1.

2)
17

.7
 (

1.
2)

Ph
ys

ic
al

 
ac

tiv
ity

, %
 

(S
E

)

 
B

el
ow

25
31

41
.8

 (
1.

6)
38

.7
 (

1.
2)

43
.3

 (
1.

7)

0.
23

39
.3

 (
1.

7)
43

.0
 (

1.
5)

41
.4

 (
1.

5)

0.
44

41
.2

 (
1.

6)
41

.0
 (

1.
8)

41
.5

 (
1.

5)

0.
75

 
M

ee
t

69
0

14
.0

 (
1.

0)
15

.8
 (

1.
1)

14
.0

 (
1.

1)
14

.2
 (

1.
2)

14
.8

 (
1.

0)
14

.7
 (

1.
3)

13
.5

 (
1.

2)
15

.7
 (

1.
2)

14
.6

 (
1.

3)

 
E

xc
ee

d
20

82
44

.2
 (

1.
6)

45
.6

 (
1.

3)
42

.8
 (

1.
7)

46
.4

 (
1.

6)
42

.2
 (

1.
5)

43
.9

 (
1.

7)
45

.3
 (

1.
6)

43
.4

 (
1.

7)
43

.9
 (

1.
7)

B
M

I,
 %

 (
SE

)

 
<

25
 k

g/
m

2
13

66
33

.0
 (

1.
9)

28
.9

 (
1.

4)
22

.8
 (

1.
3)

<
0.

00
01

35
.9

 (
1.

6)
27

.8
 (

1.
9)

21
.2

 (
1.

3)

<
0.

00
01

35
.4

 (
1.

7)
28

.8
 (

1.
7)

20
.7

 (
1.

3)

<
0.

00
01

 
25

–2
9.

9 
kg

/m
2

18
99

34
.3

 (
1.

4)
34

.5
 (

1.
6)

34
.3

 (
1.

4)
35

.1
 (

1.
4)

33
.2

 (
1.

4)
34

.8
 (

1.
4)

35
.4

 (
1.

2)
33

.1
 (

1.
5)

34
.5

 (
1.

4)

 
≥3

0 
kg

/m
2

19
34

31
.4

 (
1.

4)
35

.9
 (

1.
6)

41
.2

 (
1.

5)
28

.0
 (

1.
4)

37
.2

 (
1.

4)
42

.4
 (

1.
6)

28
.1

 (
1.

6)
36

.3
 (

1.
3)

43
.1

 (
1.

7)

 
M

is
si

ng
10

4
1.

3 
(0

.4
)

1.
5 

(0
.4

)
1.

8 
(0

.4
)

1.
1 

(0
.3

)
1.

9 
(0

.4
)

1.
7 

(0
.4

)
1.

1 
(0

.3
)

1.
9 

(0
.4

)
1.

7 
(0

.4
)

H
E

I2
01

0 
sc

or
e,

 m
ea

n 
±

 
SE

51
.9

±
0.

5
50

.1
±

0.
4

48
.5

±
0.

5
<

0.
00

01
52

.6
±

0.
6

49
.6

±
0.

5
48

.5
±

0.
5

<
0.

00
01

52
.0

±
0.

6
49

.9
±

0.
5

48
.8

±
0.

5
<

0.
00

01

To
ta

l e
ne

rg
y 

in
ta

ke
, k

ca
l/d

, 
m

ea
n 

±
 S

E
20

43
.2

±
27

.8
20

47
.5

±
31

.3
21

41
.2

±
37

.0
0.

04
19

37
.9

±
29

.7
21

29
.1

±
31

.5
21

45
.8

±
34

.1
<

0.
00

01
19

40
.7

±
30

.5
21

14
.9

±
31

.3
21

49
.0

±
35

.4
<

0.
00

01

Environ Pollut. Author manuscript; available in PMC 2023 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Trasande et al. Page 18

Table 2.

Association of Urinary Phthalate Metabolites with All-cause Mortality, NHANES 2001–2010 Linked 

Mortality File. (n=5,303)

Continuous
Tertiles

Tertile 1 Tertile 2 Tertile 3

LMW

Median level (SE), µmol/L 0.90 (0.03) 0.28 (0.01) 1.02 (0.02) 4.53 (0.16)

Deaths/person-years 1014/46825 379/15026 326/15629 309/16169

HR (95% CI)

 Model 1 1.03 (0.98–1.08) 1.0 (ref) 1.01 (0.83–1.24) 1.16 (0.98–1.39)

 Model 2 1.01 (0.96–1.06) 1.0 (ref) 0.95 (0.77–1.17) 1.10 (0.92–1.33)

 Model 3 1.01 (0.96–1.07) 1.0 (ref) 0.96 (0.78–1.18) 1.11 (0.91–1.34)

HMW

Median level (SE), µmol/L 0.22 (0.006) 0.08 (0.002) 0.22 (0.003) 0.63 (0.02)

Deaths/person-years 1014/46825 324/15780 346/15533 344/15512

HR (95% CI)

 Model 1 1.14 (1.05–1.23) 1.0 (ref) 1.33 (1.09–1.61) 1.55 (1.23–1.96)

 Model 2 1.15 (1.06–1.24) 1.0 (ref) 1.30 (1.08–1.58) 1.50 (1.20–1.88)

 Model 3 1.14 (1.06–1.23) 1.0 (ref) 1.28 (1.05–1.55) 1.48 (1.19–1.86)

DEHP

Median level (SE), µmol/L 0.16 (0.004) 0.05 (0.001) 0.16 (0.002) 0.47 (0.01)

Deaths/person-years 1014/46825 340/15917 344/15471 330/15437

HR (95% CI)

 Model 1 1.09 (1.01–1.17) 1.0 (ref) 1.19 (0.98–1.45) 1.38 (1.09–1.75)

 Model 2 1.12 (1.04–1.20) 1.0 (ref) 1.21 (0.98–1.48) 1.44 (1.14–1.82)

 Model 3 1.10 (1.03–1.19) 1.0 (ref) 1.18 (0.97–1.45) 1.42 (1.13–1.78)

Model 1: adjustment for age, race/ethnicity, and urinary creatinine.

Model 2: model 1 + education levels, family income status, smoking, alcohol use, physical activity, total energy intake, HEI2010 score, survey year.

Model 3: model 2 + BMI.
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Table 3.

Association of Individual Urinary Phthalate Metabolite with Mortality, NHANES 2001–2010.

All-cause mortality CVD mortality Cancer mortality

mono-ethyl phthalate (MEP)

 Continuous 1.01 (0.96–1.06) 1.09 (0.98–1.21) 0.97 (0.88–1.07)

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 0.97 (0.79–1.18) 1.34 (0.90–2.01) 0.98 (0.65–1.48)

 Tertile 3 1.12 (0.93–1.35) 1.64 (1.07–2.51) 0.97 (0.60–1.58)

mono-benzyl phthalate (MBzP)

 Continuous 1.11 (1.04–1.19) 1.03 (0.88–1.20) 1.19 (1.04–1.36)

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 1.13 (0.92–1.40) 1.05 (0.66–1.67) 1.17 (0.72–1.92)

 Tertile 3 1.20 (0.96–1.50) 0.86 (0.49–1.50) 1.25 (0.76–2.05)

mono-n-butyl phthalate (MnBP)

 Continuous 1.10 (1.03–1.19) 1.14 (0.96–1.35) 1.17 (0.996–1.38)

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 1.31 (1.03–1.66) 1.69 (0.97–2.96) 1.43 (0.90–2.27)

 Tertile 3 1.21 (0.94–1.54) 1.32 (0.73–2.38) 1.35 (0.80–2.25)

mono-isobutyl phthalate (MiBP)

 Continuous 1.07 (0.99–1.16) 1.06 (0.88–1.27) 1.04 (0.85–1.27)

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 0.97 (0.80–1.18) 1.08 (0.71–1.64) 0.96 (0.65–1.41)

 Tertile 3 1.22 (0.95–1.57) 0.86 (0.50–1.50) 1.16 (0.65–2.09)

mono-(3-carboxypropyl) phthalate (MCPP)

 Continuous 1.07 (0.996–1.14) 0.97 (0.84–1.12) 0.99 (0.86–1.14)

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 0.92 (0.75–1.13) 0.76 (0.47–1.24) 0.86 (0.57–1.30)

 Tertile 3 1.17 (0.95–1.45) 0.98 (0.64–1.50) 0.87 (0.57–1.33)

mono-2-ethyl hexyl phthalate(MEHP)

 Continuous 1.02 (0.94–1.09) 0.95 (0.81–1.10) 0.98 (0.86–1.11)

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 0.92 (0.78–1.10) 1.37 (0.95–1.98) 0.92 (0.61–1.39)

 Tertile 3 1.07 (0.88–1.30) 0.95 (0.60–1.48) 1.03 (0.70–1.52)

mono-(2-ethyl-5hydroxyhexyl) phthalate (MEHHP)

 Continuous 1.09 (1.02–1.17) 1.14 (0.98–1.32) 1.03 (0.88–1.19)

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 1.01 (0.84–1.21) 1.22 (0.76–1.97) 0.88 (0.57–1.36)

 Tertile 3 1.27 (1.01–1.59) 1.31 (0.70–2.47) 0.92 (0.57–1.48)

mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP)

 Continuous 1.09 (1.02–1.17) 1.18 (1.04–1.35) 1.00 (0.86–1.17)
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All-cause mortality CVD mortality Cancer mortality

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 1.07 (0.89–1.28) 1.39 (0.96–2.03) 0.70 (0.45–1.09)

 Tertile 3 1.32 (1.08–1.62) 1.74 (1.05–2.88) 0.84 (0.52–1.35)

mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP)

 Continuous 1.09 (0.997–1.18) 1.12 (0.92–1.37) 0.95 (0.80–1.12)

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 1.13 (0.92–1.39) 1.56 (0.96–2.55) 0.92 (0.52–1.61)

 Tertile 3 1.31 (1.04–1.64) 1.29 (0.72–2.32) 1.11 (0.70–1.78)

mono-(carboxyoctyl)phthalate (MCOP)

 Continuous 1.03 (0.91–1.17) 0.97 (0.71–1.33) 1.01 (0.85–1.20)

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 1.11 (0.83–1.47) 0.63 (0.28–1.44) 1.02 (0.64–1.64)

 Tertile 3 1.14 (0.78–1.66) 1.05 (0.46–2.40) 1.14 (0.64–2.03)

mono-(carboxynonyl) phthalate (MCNP)

 Continuous 1.06 (0.95–1.19) 1.06 (0.81–1.40) 0.99 (0.78–1.25)

 Tertile 1 1.0 (ref) 1.0 (ref) 1.0 (ref)

 Tertile 2 1.12 (0.83–1.52) 0.60 (0.34–1.06) 0.89 (0.49–1.62)

 Tertile 3 1.09 (0.79–1.49) 0.91 (0.43–1.93) 0.63 (0.30–1.34)

Mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP) was available in NHANES 2003–2010 (n=4,271).

Mono-(carboxyoctyl)phthalate (MCOP) and mono-(carboxynonyl) phthalate (MCNP) are only available in NHANES 2005–2010 (n=3,310).

All models adjusted for age, race/ethnicity, urinary creatinine, education levels, family income status, smoking, alcohol use, physical activity, total 
energy intake, HEI2010 score, survey year and BMI.
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Table 4.

Phthalate-attributable mortality and associated lost economic productivity in the US, 2014.

Base Case Estimate (Derived From Hazard Ratio for All-Cause Mortality of Highest Tertile)

Mortality Rate, 55–64 year olds, 2013–14 965.2/100,000

Hazard Ratio in Most Highly Exposed Tertile of DEHP metabolites, 2003–8 NHANES 1.48

Incremental Mortality Rate (Based upon Relative Risk) 415/100,000

Population in Highest Tertile, 55–64 year olds, 2013–14 26,464,671

Attributable Deaths, 55–64 year olds 107,283

Lifetime Economic Productivity Per Adult, 55–64 year olds (2014 dollars) $439,313

Attributable Annual Cost of Phthalate Exposure, 2013–14 $47.1 billion

Sensitivity Analysis (Hazard Ratios Derived From Continuous Models of All Cause 
Mortality)

Lowest tertile Second tertile Highest tertile

Level of DEHP Metabolite (Derived from Median of Tertile) 0.05 µmolar 0.16 µmolar 0.47 µmolar

Mortality Rate, 55–64 year olds, 2013–14 965.2/100,000

Hazard Ratio of Mortality N/A 1.12 1.24

Incremental Mortality Rate (Based upon Relative Risk) N/A 113/100 000 230/100,000

Population in Percentile of Exposure, 55–64 year olds, 2013–14 26,464,671 26,464,671 26,464,671

Attributable Deaths, 55–64 year olds N/A 29,947 60,815

Lifetime Economic Productivity Per Adult, 55–64 year olds (2014 dollars) $439,313

Attributable Annual Cost of Phthalate Exposure, 2013–14 N/A $13.2 billion $26.7 billion
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