
Maffini et al. Environ Health          (2021) 20:114  
https://doi.org/10.1186/s12940-021-00799-8

RESEARCH

Role of epidemiology in risk assessment: 
a case study of five ortho-phthalates
Maricel V. Maffini1* , Birgit Geueke2 , Ksenia Groh3, Bethanie Carney Almroth4  and Jane Muncke2  

Abstract 

Background: The association between environmental chemical exposures and chronic diseases is of increasing con-
cern. Chemical risk assessment relies heavily on pre-market toxicity testing to identify safe levels of exposure, often 
known as reference doses (RfD), expected to be protective of human health. Although some RfDs have been reas-
sessed in light of new hazard information, it is not a common practice. Continuous surveillance of animal and human 
data, both in terms of exposures and associated health outcomes, could provide valuable information to risk assessors 
and regulators. Using ortho-phthalates as case study, we asked whether RfDs deduced from male reproductive toxic-
ity studies and set by traditional regulatory toxicology approaches sufficiently protect the population for other health 
outcomes.

Methods: We searched for epidemiological studies on benzyl butyl phthalate (BBP), diisobutyl phthalate (DIBP), 
dibutyl phthalate (DBP), dicyclohexyl phthalate (DCHP), and bis(2-ethylhexyl) phthalate (DEHP). Data were extracted 
from studies where any of the five chemicals or their metabolites were measured and showed a statistically significant 
association with a health outcome; 38 studies met the criteria. We estimated intake for each phthalate from urinary 
metabolite concentration and compared estimated intake ranges associated with health endpoints to each phtha-
late’s RfD.

Result: For DBP, DIBP, and BBP, the estimated intake ranges significantly associated with health endpoints were all 
below their individual RfDs. For DEHP, the intake range included associations at levels both below and above its RfD. 
For DCHP, no relevant studies could be identified. The significantly affected endpoints revealed by our analysis include 
metabolic, neurodevelopmental and behavioral disorders, obesity, and changes in hormone levels. Most of these 
conditions are not routinely evaluated in animal testing employed in regulatory toxicology.

Conclusion: We conclude that for DBP, DIBP, BBP, and DEHP current RfDs estimated based on male reproductive 
toxicity may not be sufficiently protective of other health effects. Thus, a new approach is needed where post-market 
exposures, epidemiological and clinical data are systematically reviewed to ensure adequate health protection.
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Background
Non-communicable diseases (NCD) are a global bur-
den to public health [1]. Nutritional shortcomings and 
lifestyle factors have been associated with increased 
incidence of diabetes and obesity, but current evidence 

indicates that exposures to environmental chemical con-
taminants also play a role in the development of NCDs 
[2]. In the US, cardiovascular diseases and mental health 
conditions impose the highest economic burden followed 
by cancer, diabetes, and chronic respiratory diseases [3]. 
Of particular concern are exposures during gestation and 
early childhood [4] . A recent review [5] proposed incor-
porating environmental health risk factors when estimat-
ing global burden of disease, including air pollutants, 
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neurotoxicants, endocrine disrupting chemicals, and 
climate-related factors. To do this successfully, the com-
ponents of risk assessment such as exposure sources and 
levels, as well as data about chemical effects and associ-
ated health outcomes, are required [6].

One source of chemical exposure is plastic. With a 
global production of almost 360 million metric tons 
in 2018 [7], manufacturing, use, and disposal of plas-
tic materials pose major safety concerns. Leachate from 
landfills, migration from consumer products (e.g., food 
packaging, toys, flooring, textiles), and air pollution from 
burning plastic materials are just some of the sources of 
chemical contamination affecting humans and the envi-
ronment [8–10] . Because information on chemicals 
present in plastics is difficult to obtain and their hazards 
often remain unknown, Groh and colleagues [11] pub-
lished a comprehensive database with more than 900 
chemicals likely associated with plastic packaging as part 
of the Hazardous Chemicals in Plastic Packaging (HCPP) 
project. The authors also ranked the chemicals based 
on hazards to human and environmental health accord-
ing to the United Nations’ Globally Harmonized System 
of Classification and Labelling of Chemicals [12] The 63 
chemicals that ranked highest for human health concerns 
underwent a tiered prioritization [13] based on biomoni-
toring data, endocrine disrupting properties, and their 
regulatory status under the European Chemicals Regula-
tion REACH. This prioritization approach identified five 
ortho-phthalates (referred to as phthalates in this arti-
cle) for which the risk to human health was considered 
the highest: benzyl butyl phthalate (BBP, CAS 85-68-7); 
dibutyl phthalate (DBP, CAS 84-74-2); diisobutyl phtha-
late (DIBP, CAS 84-69-5); bis(2-ethylhexyl) phthalate 
(DEHP, CAS 117-81-7); dicyclohexyl phthalate (DCHP, 
CAS 84-61-7).

Phthalates are highly abundant plastic additives used 
primarily as plasticizers to soften materials and make 
them flexible [14]. Human biomonitoring shows wide-
spread exposure to phthalates [15] from diverse sources 
including food which could be contaminated from its 
packaging as well as other food contact materials such as 
conveyor belts and tubing used in food processing [16–
20]. Personal care products and building materials also 
contribute to human exposure to phthalates [21, 22].

Several regulatory authorities have assessed the tox-
icity of BBP, DBP, DIBP, DEHP, and DCHP [23–25] and 
established the amount of each chemical above which 
the risk to human health increases. Regulatory agen-
cies give different names to these so-called ‘safe’ levels 
including derived no-effect level (DNEL) used by the 
European Chemical Agency (ECHA) [26], acceptable 
daily intake (ADI) used by International Programme on 

Chemical Safety [27], total dietary intake (TDI) used by 
the European Food Safety Authority (EFSA) [28] and 
reference dose (RfD) used by the U.S. Environmental 
Protection Agency (EPA) [29]. Although the nomencla-
ture is different, the meaning is similar, namely, expo-
sures above established amounts of chemicals are not 
safe. For simplicity, we use the term RfD throughout 
the article.

The established RfDs for the five phthalates are the 
result of risk assessments of mostly animal studies 
showing adverse effects on male reproductive devel-
opment due to the anti-androgenic properties of these 
chemicals. These risk assessments’ results have led 
to the restriction of some uses of these phthalates. In 
2008, the Congress of the United States banned the use 
of DEHP, BBP and DBP in children’s toys and child-
care articles [30] and in 2017, the Consumer Protec-
tion Safety Commission increased the list of prohibited 
phthalates to eight [23]. Similarly, the European Union 
has also listed DEHP and DBP in its authorization list 
under REACH and more than a dozen phthalates are 
included in the candidate list for authorization [31]. 
The observed decline in human exposure to restricted 
phthalates in industrialized countries over the years 
[15, 32, 33] have been attributed to these regulatory 
measures. Notably there are yet no major restrictions to 
uses in food contact materials (e.g., packaging, process-
ing equipment), pharmaceuticals, and medical devices.

Epidemiological data published in the last 15 years 
indicate that in some cases exposure to phthalates is 
still a cause of concern to human health. For example, 
recent publications by the U.S. Environmental Protec-
tion Agency (EPA) show a strong association between 
exposure to low concentrations of DEHP, DBP, and 
DIBP and increased risk of diabetes [34], and between 
exposure to DEHP and DBP and male reproductive 
effects such as reduced semen quality and testoster-
one levels [35]. Several small- and large-scale human 
studies have also shown phthalates to associate in a 
dose-dependent manner with negative effects on neu-
rodevelopment [36, 37], metabolic function [38] and 
female reproduction [39]. Therefore, we aimed to inves-
tigate whether regulatory safe levels of phthalates are 
protective of the public for other relevant health out-
comes in addition to male reproductive development. 
We conducted a targeted literature search of human 
studies showing association between any of the five 
phthalates, BBP, DBP, DIBP, DEHP, and DCHP and 
health effects. Furthermore, we back-estimated daily 
intake for each phthalate that showed a statistically sig-
nificant association with health effects, and compared 
these estimated intake values to the individual RfD.
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Methods
Targeted literature search
We searched the Public Library of Medicine for human 
studies on phthalates published between 2003 and 2019. 
Search terms included compounds’ full name, abbrevia-
tion, and chemical abstracts service (CAS) numbers in 
combination with human exposure, epidemiological 
studies and metabolites among others. See Supplemen-
tal Materials for additional information. This targeted 
search aimed at obtaining information on the five phtha-
lates including concentration of parent phthalates or 
metabolites in any bodily fluid, description of measured 
endpoint, and statistical significance of the association 
between health endpoint and concentration measured. 
When a study met these criteria, we extracted the fol-
lowing data: 1) population sampled and population in 
which the endpoints were measured (e.g., men; preg-
nant women/children; children, etc.); age; gestational age 
where appropriate; 2) metabolite or parent compound 
concentration as percentile, geometric mean or other 
available concentration measure; 3) concentration at 
which metabolite(s) or parent compound had a statisti-
cally significant correlation with an endpoint; 4) statisti-
cally significant endpoint and outcome (e.g., increase/
decrease; positive/negative association). We used the 
studies that met the criteria described above to per-
form the analysis and controlled for quality, specifically, 
whether the studies included controls for covariates and 
confounders such as race, maternal/paternal age, child’s 
sex, IQ, socioeconomic status, smoking, physical activ-
ity, caloric intake, etc.; however, we did not control for 
potential bias.

Intake estimation from urinary concentration
From the studies that met the inclusion criteria, we iden-
tified the lowest phthalate metabolite concentration that 
was associated with a statistically significant endpoint. 
Concentration data were expressed in various ways 
including geometric means of a population, percentiles, 
and average of urine collections per individual visits. We 
established the following assumptions: 1) the 25th per-
centile concentration was considered equivalent to a no-
observed-adverse-effect level when concentrations were 
expressed as quartiles, meaning that only concentrations 
at or greater than the 25th percentile were included; 2) 
unless specified in the studies, logistic regressions were 
considered linear.

For each phthalate, we estimated intake using urinary 
concentration of its metabolite(s), daily urine volume, 
body weight (bw), and creatinine correction values for 
the different populations assessed [40, 41]. In the case of 
DEHP, we considered the individual excretion of its four 
metabolites over time and expressed it as percent of the 

parent phthalate’s intake as described previously [42, 43]. 
We used the following mean percentage excretion values 
for DEHP metabolites: 6% for monoethylhexyl phthalate 
(MEHP), 11% for mono-(2-ethyl-5-oxohexyl phthalate 
(5oxo MEHP), 15% for mono(2-ethyl-5-hydroxyhexyl) 
phthalate (5OH MEHP) and 14% for mono-(2-ethyl-
5-carboxypentyl) phthalate (5cx MEHP). For DBP, DIBP 
and BBP, we followed the European Chemical Agency 
(ECHA) assumption of 100% elimination of the parent 
compound as phthalate monoesters [25]. We used the 
following formula:

Intake (μg/ bw  (kg)/d) = Metabolite concentration 
(μg/L) x (Vol (L)/day) x (1/bw (kg)) x (1/% elimination)

In cases when creatinine correction was needed, con-
centration of urinary metabolite in microgram per gram 
(μg/g) creatinine was multiplied by the urinary concen-
tration of creatinine in gram per liter (g/L). The Sup-
plemental Materials include an example of the intake 
calculations and the assumptions made for each popula-
tion (children, pregnant women, non-pregnant women, 
men) regarding body weight, daily urine volume, and cre-
atinine excretion.

Regulation of priority phthalates
The uses of and exposure to phthalates are regulated in 
the European Union and the United States [23–25, 44, 
45]. We chose the regulatory limits set by ECHA and the 
US Consumer Protection Safety Commission (CPSC) to 
compare against the estimated intakes associated with 
health endpoints because these safe levels have been 
reaffirmed or established in the last 5 years using cur-
rent scientific evidence. In addition, both assessments 
target products that are commonly used by children, a 
susceptible population as highlighted by government 
regulatory agencies [23, 25, 46]. Regulatory RfDs are 
commonly expressed as the amount of chemical a per-
son is safe to consume per kilogram of body weight per 
day, over their expected lifetime. Table 1 summarizes the 
RfD for BBP, DBP, DIBP and DEHP and the health end-
point selected by ECHA to establish each reference dose. 
Because ECHA did not establish an RfD for DCHP, we 
used a regulatory limit set by the US CPSC, i.e., less than 
0.1% DCHP per weight of the final product for children’s 
toys and articles [23]. This assessment was also based on 
DCHP’s anti-androgenic effects (i.e., reduced anogenital 
distance) observed in male rodents [54].

Results
We identified 38 out of 64 publications that met our 
selection criteria (Table  2). The studies included longi-
tudinal and cross-sectional studies; small cohorts (e.g., 
patients at fertility clinics; under-represented urban pop-
ulations) and nationally representative cohorts such as 
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the National Health and Nutrition Examination Survey 
(NHANES) of the U.S. Center for Disease Control and 
Prevention; and prenatal exposure studies where phtha-
lates were measured in the mothers but the health out-
comes were assessed in their children months or years 
after birth. Supplemental Materials Table S1 lists the 26 
publications that did not meet our criteria and therefore 
were not included in this case study.

All 38 studies reported phthalate metabolites meas-
ured in urine. DEHP was the phthalate most frequently 
assessed. There were 12 studies on mother-child pairs 
evaluating prenatal exposure effects, 12 women-only 
studies, six men-only studies, eight children studies 
evaluating postnatal exposure effects, and two studies 
including both men and women. A few studies included 
more than one population (e.g., children and adults) and 
only one study was a prospective mother-child study. It 
is worth noting that none of the studies included evalu-
ation of DCHP, neither as a parent compound nor its 
metabolite. The lack of epidemiological studies on DCHP 
is likely due to the fact that the urinary concentration 
of DCHP metabolite has been found to be consistently 
below the limit of detection at the 75th percentile in the 
NHANES 1999–2010 period [83] and, when measured, 
the frequency of detection has been low (e.g., less than 
10% of the population tested) [33, 83].

Table  1 lists the range of exposure for each phtha-
late and their association with significant endpoints. 
All phthalates measured in urine as metabolites 
of DEHP, DBP, BBP and DIBP showed significant 
associations with reproductive (male and female), 

neurodevelopmental, behavioral, hormonal, and meta-
bolic endpoints at estimated intake values well below 
their respective RfDs.

Figure  1 shows the estimated intake distribution per 
phthalate compared to the respective RfD. DEHP had 
the widest range of estimated intakes associated with 
statistically significant endpoints: 0.03–242.5 μg/kg-
bw/d (Table  1, Fig.  1). The highest estimate was almost 
seven times greater than the RfD (35 μg/kg-bw/d) which 
is an indication that some individuals could already be 
exposed to unsafe levels of the chemical as judged by the 
current regulatory limits. As shown in Table 1, the high-
est DEHP intake was associated with decreased semen 
quality [47]. On the lower end, DEHP was associated 
with significantly lower number of ovarian antral follicles 
(a measure of remaining oocytes supply) [39] at an esti-
mated intake three-orders of magnitude lower than the 
RfD (0.03 and 35 μg/kg-bw/d, respectively).

For DBP, DIBP and BBP, the ranges of intake associ-
ated with statistically significant endpoints were all below 
their respective RfDs. (Fig.  1). The lowest estimated 
intake for DBP (0.19 μg/kg-bw/d) was associated with 
decreased sperm motility and semen concentration [48] 
while the highest intake (2.86 μg/kg-bw/d) was associated 
with decreased concentration of total thyroid hormone 
thyroxine (T4) and free T4 (fT4) in women [49]. The low-
est DIBP intake measured in pregnant women (0.08 μg/
kg-bw/d) was associated with decrease in masculine play 
behavior in boys [52] and the highest intake (0.51 μg/
kg-bw/d) also measured in pregnant women, was signifi-
cantly associated with increased occurrence of eczema 

Table 1 Comparison between reference doses (RfDs) set by European Chemicals Agency (ECHA), including their corresponding 
endpoint of concern in animal studies, and range of phthalate estimated intakes that were reported to be significantly associated with 
endpoints of concern in humans

a  Units are in microgram per kilogram of body weight per day

DEHP diethylhexyl phthalate; DBP dibutyl phthalate; BBP butylbenzyl phthalate; DIBP diisobutyl phthalate;

Phthalate Derived from animal studies Based on human studies

RfD a Endpoint and effect of 
concern

Lowest 
estimated 
intake a

Significant endpoint Highest 
estimated 
intake a

Significant endpoint

DEHP 35 Testicular germ cell depletion 
and reduced testes weight

0.03 Decreased number of ovarian 
antral follicles in women [39]

242.5 Decreased semen quality and 
concentration in men [47]

DBP 6.7 Reduced spermatocyte devel-
opment at postnatal day 21, 
and mammary gland changes 
in adult male offspring

0.19 Decreased sperm motility and 
semen concentration in men 
[48]

2.86 Decrease thyroid hormone T4 
and freeT4 in women [49]

BBP 500 Reduced anogenital distance 
and several other endpoints 
from various studies

0.06 Increased steroid hormone 
binding globulin in children 
[50]

0.58 Increased body mass index and 
waist circumference in men and 
women [51]

DIBP 8.3 Overall potency of DIBP similar 
to DBP; possible potency dif-
ference of 25% between DIBP 
and DBP

0.08 Decreased masculine play 
behavior in boys [52]

0.51 Increased occurrence of eczema 
in children [53]
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Table 2 Summary of 38 studies that met the criteria for data extraction and estimated intake associated with statistically significant 
endpoints, grouped by population sampled

Population sampled Significant endpoint Significant outcome Parent phthalate Estimated 
phthalate 
intake a

Lower concentration 
statistically significant

Reference

Women Number of ovarian 
antral follicles

Decreased DEHP 0.03–0.25b 1.63 μg/L-13.5 μg/L [39]

Decreased DIBP 0.13–0.19c 10.21 μg/L

Decreased DBP 0.24–0.42 12.79 μg/L

Glucose levels Decreased DIBP 0.20 10.7 μg/L [38]

Thyroid hormone T4 Decreased DBP 0.20 9.6 μg/g CRE [55]

Free thyroid hormone 
T4

Decreased DEHP 0.53–1.80 1.69 μg/L-13.4 μg/L [56]

Thyroid hormone T4 
and free T4

Decreased DBP 2.86 9.6 μg/g CRE [49]

Total number of 
oocytes, fertilized 
oocytes, mature 
oocytes, top quality 
embryos

Decreased DEHP 0.23–1.39 0.02 uM-0.12 uM [57]

Total number of ferti-
lized oocytes, mature 
oocytes, top quality 
embryos

Decreased DBP 0.24 12.7 uM

Trophoblast differentia-
tion genes

Decreased DiBP 0.27 14.2 μg/L [58]

Decreased DBP 0.71 38 μg/L

Decreased DEHP 4.21 221.2 μg/L

Body mass index and 
waist circumference

Increased DBP 0.30 12.26 μg/g [59]

Body mass index Increased DEHP 0.56 1.49 μg/g CRE

Homeostatic Model 
Assessment of Insulin 
Resistance (HOMA-IR)

Increased DEHP 1.56 12.51 μg/L [60]

Serum inhibin Decreased DEHP 2.04 5.44 μg/g CRE [61]

Gestational age Shorter DEHP 2.46 18.36 μg/L [62]

Longer DEHP 2.56–4.20 1.1 μg/L-5.1 μg/L [63]

C-section Increased likelihood DEHP 2.56–4.20 1.1 μg/L-5.1 μg/L [63]
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Table 2 (continued)

Population sampled Significant endpoint Significant outcome Parent phthalate Estimated 
phthalate 
intake a

Lower concentration 
statistically significant

Reference

Mothers (3 T) Serum steroid hormone 
binding globulin

Increased BBP 0.06 3.16 μg/L [50]

Increased DBP 0.63 33.4 μg/L

Serum dehydroepian-
drosterone sulfate

Decreased DBP 0.63 33.4 μg/L

Social problems Increased BBP 0.07–0.23 3.2 μg/g [64]

Delinquent and exter-
nalizing behavior

Increased DEHP 2.36 0.17 µmol/g CRE (sum 
DEHP)

Internalizing and exter-
nalizing problems

Increased DEHP 6.27 16.7 μg/g CRE

Motor development Delayed DIBP 0.17 9.3 μg/L [65]

Psychomotor develop-
ment index

Decreased DIBP 0.17 9.3 μg/L

Clinically withdrawn 
behavior and internal-
izing behavior

Increased BBP 0.36 19 μg/L

Psychomotor and men-
tal development index

Decreased DBP 0.71 38 μg/L

Clinically withdrawn 
behavior

Increased DBP 0.71 38 μg/L

Full scale IQ, perceptual 
reasoning, processing 
speed, verbal compre-
hension and working 
memory

Decreased DIBP 0.36 19 μg/L [36]

Decreased DBP 1.5 79.8 μg/L

Perceptual reasoning Decreased BBP 0.56 30 μg/L

Mental and psychomo-
tor development indices

Decreased in boys DBP 0.38 16.9 μg/g CRE [66]

Psychomotor develop-
ment index

Decreased in boys DEHP 2.7 13.2 μg/g CRE

Body mass index z-score Decreased in girls DEHP 1.77 0.128µM [67]

Mothers (2 T) Masculine play behavior Decrease DIBP 0.08 4 μg/L [52]

Decrease DEHP 0.38–0.88 1.4–4.7 μg/L

Internalizing behavior Increased BBP 0.26 12.8 μg/L [68]

Increased DBP 0.68 33.1 μg/L

Emotional symptom 
score and relationship 
problems

Increased DBP 0.68 33.1 μg/L

Eczema Increased DIBP 0.51 25 μg/L [53]

Attention deficit hyper-
activity disorder

Increased DEHP 2.66 0.21 µM [69]

Mothers (1 T) Anogenital distance Shorter DEHP 0.66–0.80 2–6.1 μg/L [70]

Children (4–9 yo) Thyroid hormone T3 
and free T3

Decreased in girls BBP 0.10 3.3 μg/L [71]

Decreased in girls DBP 1.97 63 μg/L

Decreased in boys DBP 2.34 75 μg/L
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Table 2 (continued)

Population sampled Significant endpoint Significant outcome Parent phthalate Estimated 
phthalate 
intake a

Lower concentration 
statistically significant

Reference

Children (12 yo) Height standard devia-
tion

Decreased in obese 
pubertal children

DEHP 0.18 0.6 μg/g CRE [72]

Insulin sensitive index Increased in obese pre-
pubertal children

DEHP 0.19 0.27 μg/g CRE

Waist circumference Decreased in obese pre-
pubertal children

DEHP 0.19–0.35 0.27–1.24 μg/g CRE

Puberty Delayed in obese pre-
pubertal children

DEHP 0.19–0.35 0.27–1.24 μg/g CRE

Waist to hip ratio Increased in obese pre-
pubertal children

DEHP 0.23 0.76 μg/g CRE

Children (8–14 yo) Estrogen, testosterone 
and free testosterone

Decreased DIBP 0.18 7.02 μg/L [50]

Free testosterone Decreased DEHP 1.52 3.48 μg/L

Serum steroid hormone 
binding globulin

Increased DEHP 1.52–5.09 3.48–29 μg/L

Children (8 yo) Puberty Delayed in girls BBP 0.19 6.2 μg/L [73]

Delayed in girls DBP 1.56 50 μg/L

Delayed in girls DEHP 4.63 74 μg/L

Children (8–10 yo) Obesity Increased in boys DBP 0.95 30.4 μg/L [74]

Decreased in girls DEHP 1.72–4.31 3.3–32 μg/L

Children (6–19 yo) Albumin/creatinine ratio Increased DEHP 1.60 0.1 µM [75]

Systolic blood pressure Increased DEHP 3.20 0.166 µM [76]

Children (12–19 yo) Thyroid hormone T3 Increased DEHP 2.2–2.89 5.76–10.3 μg/g CRE [77]

Homeostatic Model 
Assessment of Insulin 
Resistance (HOMA-IR)

Increased DEHP 2.76 0.17 µM [78]

Men Sperm motility and 
concentration

Decreased DBP 0.19 10.6 μg/L [48]

Decreased DBP 0.38 [79]

Sperm motility Decreased BBP 0.25 13.4 μg/L [79]

Semen quality Decreased DEHP 242.55 20.16 μg/L [47]

Testosterone, free 
testosterone, free andro-
gen index

Decreased DEHP 0.40–2.13 1.3–15.9 μg/L [80]

Serum steroid hormone 
binding globulin

Increased DEHP 0.41 1.3 μg/L

Testosterone, estrogen, 
free androgen index

Decreased DEHP 0.99 3.18 μg/L [81]

Testosterone/estrogen 
ratio

Increased DEHP 0.99 3.18 μg/L

Thyroid hormone T3 
and free thyroid hor-
mone T4

Decreased DEHP 0.99 3.18 μg/L [82]

Thyroid stimulating 
hormone

Decreased DEHP 242.55 21 µM [47]
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in children [53]. The range of estimated intake for BBP 
associated with significant endpoints showed the greatest 
difference with the RfD. The lowest intake of 0.06 μg/kg-
bw/d was associated with increased levels of steroid hor-
mone binding globulin (SHBG) in children [50]. SHBG 
is a protein that transports estrogen and testosterone in 

the blood and regulates their access to tissues [84]. The 
highest estimated intake for BBP (0.6 μg/kg-bw/d) was 
associated with increased body mass index and waist cir-
cumference in men and women [51]. These intakes are 
eight-thousand to five-thousand times lower than BBP’s 
RfD of 500 μg/kg-bw/d.

Fig. 1 Schematic representation of the range of estimated intake for individual phthalates (solid light-colored bars) associated with statistically 
significant endpoints (small circles) in relation to their respective reference doses (RfD; large circles). Each small circle corresponds to an endpoint 
significantly associated with an estimated intake. The lowest metabolite concentrations measured in urine that were found to be associated 
with statistically significant endpoints were 0.03, 0.19, 0.06 and 0.08 μg/L for DEHP, DBP, BBP and DIBP, respectively. See Supplemental Table S2 for 
additional data. DEHP: diethylhexyl phthalate; DBP: dibutyl phthalate; BBP: butylbenzyl phthalate; DIBP: diisobutyl phthalate

Population sampled Significant endpoint Significant outcome Parent phthalate Estimated 
phthalate 
intake a

Lower concentration 
statistically significant

Reference

Men and women Body mass index and 
waist circumference

Increased BBP 0.58 30.9 μg/L [51]

Decreased DEHP 13.75 44 μg/L

Body mass index Increased DBP 0.72 38.4 μg/L

Homeostatic Model 
Assessment of Insulin 
Resistance (HOMA-IR)

Increased DEHP 3.16 18.51 μg/L

Thyroid hormone T4 Decreased DEHP 1.48–1.97 5.43–9.84 μg/g CRE [77]

Thyroid stimulating 
hormone

Increased DEHP 1.97 9.84 μg/g CRE

a  In microgram per kilogram of body weight per day. See Supplemental Materials
b  For DEHP, a range is given when more than one metabolite was statistically significant for an endpoint
c  A range is given when statistical significance was observed at one or more tertile/quartiles
d  Q quartile

Abbreviations: CRE creatinine; DEHP diethylhexyl phthalate; DBP dibutyl phthalate; BBP butylbenzyl phthalate; DIBP diisobutyl phthalate; IQ intelligence quotient; 1 T, 

2 T, 3 T first, second and third trimester; yo year-old

Table 2 (continued)
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The four phthalates for which we found data are known 
to affect male reproductive development due to their 
anti-androgenic properties which are the basis of their 
regulation. However, other systems are also affected at 
exposure levels similar to those associated with anti-
androgenicity as seen in Table 2. Our analysis shows the 
10 lowest estimated intakes were significantly associated 
with endpoints measured in women and children. Many 
of these endpoints relate to endocrine function and neu-
robehavioral development in children as well as female 
reproductive system (Table 3).

Prenatal exposures to DEHP, DBP, BBP and DIBP were 
significantly associated with a diverse set of negative 
outcomes in the neurological system, and all endpoints 
were associated with intakes well below the RfD for each 
phthalate. Supplemental Table  S2 shows that children 
born to mothers exposed to phthalates during pregnancy 
display delayed psychomotor and mental development 
[65, 66]; decreased intellectual, memory and executive 
function development [36]; and behavioral changes asso-
ciated with both delinquency and externalization [64] 
as well as withdrawn personalities and internalization 
of problems [65, 68]. Increased odds of attention defi-
cit hyperactivity disorder [69] and decreased masculine 
behavior in boys [52] were also observed.

We identified three major systems associated with 
metabolic function that were affected by phthalates: thy-
roid, pancreas, and fat tissue (Supplemental Table  S3). 
DEHP, DBP and BBP were associated with decreased 
levels of triiodothyronine (T3) in men and children as 
young as 4 years of age. DEHP was also associated with 
decreased levels of free T4 in women [56] and men [82] 
and decreased thyroid stimulating hormone (TSH) in 
men [47].

DIBP and DEHP intakes were positively associated 
with insulin resistance in children [72, 78] and men and 
women [60, 77]. The effect of DEHP on fat tissue was 
more diverse. For instance, in adults, body mass index 
(BMI) was negatively associated with DEHP levels in 
men and women [59], while Hatch et  al. [51] reported 
a positive correlation in women). Maternal DEHP lev-
els were inversely associated with their daughters’ BMI 
at a young age (4–7 years) [67] and Zang and colleagues 
also observed a negative association between DEHP lev-
els and obesity in 8–10-year-old girls [74]. DBP and BBP 
showed a positive correlation with obesity in boys [74], 
BMI and waist circumference in women and men [51].

All the estimated intakes were below their respec-
tive RfDs, except for the reduction in TSH level in men 
that was associated with the highest DEHP intake of 
242.55 μg/kg-bw/d [47].

Both, the male and female reproductive systems and 
their associated hormones, were negatively affected by 
the four phthalates (Supplemental Table S4). DEHP, DBP 
and DIBP intakes were associated with reduced number 
of antral follicles in women [39] and DEHP, DBP and BBP 
with delayed puberty in girls [73]. DEHP and DBP were 
associated with decreased number of fertilized eggs and 
total oocytes, and lower quality of oocytes [57]. DEHP 
and DIBP showed a negative association with trophoblast 
differentiation genes [58]. DEHP was also associated 
with decreased levels of inhibin [61], a critical hormone 
in reproductive functions [85], and showed inconsistent 
association with gestational length [62, 63].

In adult men, DEHP, DBP and BBP all had a negative 
association with semen quality including concentration 
and sperm motility [47, 48, 79]. DEHP was associated 
with decreased total and free testosterone and estradiol, 

Table 3 Ten lowest estimated intake and significant endpoints by population

a  In microgram per kilogram of body weight per day
b  Range of intake estimated based on urinary concentration of monoethylhexyl phthalate (MEHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP) and Mono(2-ethyl-5-
hydroxyhexyl) phthalate (MEHHP)

Abbreviations: DEHP diethylhexyl phthalate; DBP dibutyl phthalate; BBP butylbenzyl phthalate; DIBP diisobutyl phthalate; 1 T, 2 T, 3 T first, second and third trimester; yo 
year-old

Phthalate Endpoint statistically significant Effect Population Tested Estimated intake a Reference

DEHP Number of ovarian antral follicles Decreased Women 0.03–0.16 b [39]

BBP Serum steroid hormone binding globulin in children Increased Mothers 3 T 0.06 [50]

BBP Social problems in children Increased Mothers 3 T 0.07 [64]

DIBP Masculine play behavior in boys Decreased Mothers 2 T 0.08 [52]

BBP Thyroid hormone T3 Decreased Children (4–9 yo) 0.10 [71]

DIBP Number of ovarian antral follicles Decreased Women 0.13 [39]

DIBP Motor and psychomotor development in children Delayed and Decreased Mothers 3 T 0.17 [66]

DEHP Height standard deviation Decreased Children (12 yo) 0.18 [72]

DIBP Estrogen, testosterone and free testosterone Decreased Children (8–14 yo) 0.18 [50, 53]

DEHP Insulin sensitivity Increased Children (12 yo) 0.19 [72]
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as well as increased levels of SHBG [80]. DEHP also had a 
positive association with testosterone/estradiol ratio [81]. 
In boys gestationally exposed to known levels of phtha-
lates, DEHP and DIBP were negatively associated with 
free and total testosterone and estradiol [50]. DEHP, DBP 
and BBP were associated with increased SHBG. DBP was 
associated with decreased levels of dehydroepiandroster-
one [50]. Finally, DEHP was also associated with reduced 
anogenital distance in boys [70].

Discussion
This case study shows that low dose exposures to BBP, 
DBP, DIDP and DEHP are associated with health end-
points in organs and systems not usually assessed in 
regulatory toxicology studies. These endpoints differ 
markedly from the well-studied effects of phthalates on 
male reproductive development. Furthermore, there are 
significant physiological effects (i.e., early biological per-
turbations that may lead to overt effects) and disorders 
that may require clinical interventions later in life associ-
ated with estimated intake levels lower than the current 
RfD. We also observed that some individuals appear to 
be exposed to levels of DEHP higher than its RfD. This 
may be the case if there are yet to be identified exposure 
routes and sources, or if the metabolism or excretion of 
DEHP is altered. Overall, these data, although with limi-
tations, show weaknesses in a chemical regulation frame-
work that is in need of improvement.

Some of the limitations are, first, this study is similar to 
a mapping of evidence; it is not a systematic review that 
must follow stricter protocols and methods. Second, our 
approach aimed to capture as many publications as pos-
sible. However, although we used broad search terms, 
we may still have missed relevant publications. Third, 
we trust the integrity and quality of the journal peer-
reviewed conducted for each of the studies we included. 
However, we understand the peer review process is not 
perfect. An example of this less-than-perfect process is 
the lack of clarity or data that prevented us to include 
an additional 26 human studies as shown in Table  S1. 
Importantly, only six studies were excluded because of 
the lack of statistical significance, hence, the body of evi-
dence is consistent with the associations. Fourth, in some 
cases, data interpretation had to be based on informa-
tion that was available. Although we contacted authors 
from some of the studies that did not meet our criteria 
to obtain additional data, only a few responded to our 
request and were willing to share additional data. Fifth, 
the number of subjects in the studies varied from less 
than 100 to thousands of people; although the population 
size as such could be a limitation, strong and weak statis-
tical significance was observed in all cases. As all but one 
study was cross-sectional, we are mindful about implying 

that they show causality. Lastly, some assumptions made 
in our calculations may have been outdated. For example, 
the EPA handbook on exposure is from 2011. Although it 
is our understanding that the agency and others continue 
to use this handbook in their analysis, we cannot rule out 
that parameters such as body weight by age range may 
have changed in the last decade and could have affected 
our estimates.

Overall, the case study we present here specifically 
aimed to use strong human data to perform a first exami-
nation of a hypothesis, namely that the current ani-
mal-based testing methods to estimate “safe” exposure 
levels of chemicals could be significantly underestimat-
ing actual human health risk if epidemiological data are 
not considered. Following the initial confirmatory find-
ings presented here, this hypothesis will serve as a basis 
to guide further testing and more detailed assessments in 
a follow-up work.

The protection of public health from detrimental 
effects of environmental chemical exposures should 
ideally incorporate the expertise from two sides: the 
risk assessors and the healthcare community, includ-
ing epidemiologists. On the one hand, risk assessment 
relies on evaluating exposure to a chemical and using 
animal models to identify which organ(s) would be 
affected, in order to find a dose that would cause no 
harm. On the other hand, the medical community is 
confronted with a wide range of health outcomes in the 
human population—from acute to chronic and from 
subtle to clinically defined—and tries to identify what 
caused them, whether environmental chemical expo-
sure or otherwise, in order to support prevention. But 
there is a disconnect between these bookends of envi-
ronmental health which hinders effective protection of 
the public from chemical exposures. In 2017, the US 
National Academy of Sciences [86] recommended that 
for evaluating evidence of low dose effects, regulators 
should surveil for signals indicating an adverse outcome 
in a human population or evidence that a particular low 
dose effect may not be detectable with traditional toxic-
ity testing. The authors stated that one way to seek out 
information is by conducting regular surveys of the sci-
entific literature. Our limited case study of five phtha-
lates shows that many of the health effects observed 
to occur in humans at very low exposure levels are not 
traditionally evaluated in animal toxicology testing. 
Metabolic, neurodevelopmental and behavioral disor-
ders, obesity, levels of hormones and transport proteins 
are just a few examples of endpoints not commonly 
included in toxicity testing guidelines despite their rel-
evance to human health. It is also important to point 
out that traditional toxicology studies only infrequently 
evaluate a dose-effect relationship using chemical levels 
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relevant to human exposures occurring at different life-
stages. Rather, assumptions of safe levels are commonly 
made based on adult non-pregnant animal data. These 
omissions thus result in significant gaps in chemicals 
regulation that may put human health at risk [87].

The current chemical risk assessment approach to 
establish an RfD used by most regulatory agencies 
around the world combines a dose that did not cause 
an adverse effect in animal studies using high exposure 
doses and safety factors (also known as uncertainty 
factors) to account for incomplete data and variability 
between and within species. Although not routinely, 
regulatory ‘safe’ levels have been reviewed. For exam-
ple, ECHA lowered the derived no effect level for 
DIBP from 420 to 8.3 μg/kg bw/d in 2016 [25]; simi-
larly, the European Food Safety Authority (EFSA) low-
ered the tolerable daily intake of bisphenol A from 50 
to 4 μg/kg bw/d in 2015 [88]. In both cases, new sci-
entific information was available at the time the agen-
cies were responding to requests for reassessment of 
those chemicals. However, we would argue that, in 
addition to specific requests made to regulatory agen-
cies, a more systematic reevaluation of RfDs could be 
incorporated into the risk assessment and management 
processes. For example, a post-market RfD reassess-
ment could be triggered by 1) human studies showing 
associations between exposure and endpoints previ-
ously not measured; 2) information on reported uses 
or biomonitoring indicating increased exposures due 
to chemical production volumes or reduced exposure 
due to abandoned uses; or 3) new hazard information. 
Lastly, this information surveillance should not be the 
exclusive responsibility of the regulatory agencies; 
rather, companies with approved chemical uses should 
submit new available information that could potentially 
raise questions about the safety of their product and 
agencies should establish a mechanism to enforce this 
requirement.

Both, scientific information and market behavior, are 
dynamic. Advances in science and technology allow sci-
entists to develop new methods to measure chemicals 
in humans and gain new knowledge and understanding 
of chemicals’ interactions with physiological systems at 
different life stages. To account for these developments, 
epidemiological and clinical studies together with chem-
ical biomonitoring data should be evaluated at regular 
intervals as recommended by the NAS [86] in order to 
check whether an RfD review is warranted to better pro-
tect public health. We are cognizant that this approach, 
although promising, is not without shortcomings. For 
instance, biomonitoring data alone cannot account for 
all sources of exposure. For chemicals like phthalates, 
with many sources ranging from the diet to personal 

care products and house dust, it may be challenging 
to design mitigating strategies to reduce the most sig-
nificant sources of exposure. However, well designed 
surveys and a better understanding of materials’ compo-
sition may help identifying the major exposure sources 
for various populations as it was described by Lioy and 
colleagues [89].

As implied earlier, the RfD represents a concept of 
‘safety’, a bright line between ‘no risk’ or ‘safe’ when the 
exposure estimate is below the established number and 
‘risk’ or ‘unsafe’ when the value is greater than the RfD. 
In reality, it is far more complicated, namely, chemical 
hazard information and populations’ background expo-
sures from multiple chemicals, health conditions and 
life-stages change with time. In its 2009 Science and 
Decisions report [90], the NAS recognized this com-
plexity and recommended a progression away from the 
current concept of ‘safety’ and towards dose-response 
methods that quantify risk at doses used in animal exper-
iments as well as lower doses representing human expo-
sures. As much as two-thirds of the human population 
suffers from chronic diseases that cannot be explained 
by genetic causes alone [91] and it is becoming increas-
ingly apparent that life-long chemical exposures can 
contribute to this burden [5]. Yet, for the great major-
ity, chemicals are not evaluated for their contribution to 
common chronic ailments in the human population [92, 
93]. As a consequence, the current work on toxicology 
and epidemiology is inundated with disconnected data 
that misses the bigger picture: better protection of the 
entire human population’s health. Perhaps it is time to 
reconsider the status quo to ensure adequate population 
health protection. Issues to be interrogated may include, 
among others, strategies for proper assessment of the risk 
of developmental exposures; use of early biomarkers of 
health effects; integration of evidence from different data 
streams including predictive modeling, in vitro, animals 
and humans; development of new and redesign of old 
testing protocols; optimization of in vitro testing to mini-
mize the use of laboratory animals; design of protocols to 
more efficiently monitor human exposures.

Conclusions
Phthalates have been used in many products for many 
decades. There are substantial animal and human data 
available which allowed us to use these substances in 
case studies such as this one. However, a similar ques-
tion could be raised for many other chemicals with a 
growing body of human biomonitoring data and evi-
dence of human health effects [94].

To set the course for a better, more efficient and health 
protective risk assessment of chemicals, a dialogue 
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should be established between risk assessors, the medi-
cal community, and academic researchers. Until a 
profound modernization of the risk assessment and 
management of chemicals occurs, human studies should 
be taken into account to identify whether the health risk 
of chemicals already in the marketplace, such as phtha-
lates, should be reassessed.

Abbreviations
μg: Microgram; 1 T: First trimester; 2 T: Second trimester; 3 T: Third trimester; 
ADI: Acceptable daily intake; BBP: Benzyl butyl phthalate; BMI: Body mass 
index; Bw: Body weight; CAS: Chemical abstract service; CPSC: Consumer 
products safety commission; D: Day; DBP: Dibutyl phthalate; DCHP: 
Dicyclohexyl phthalate; DEHP: Bis(2-ethylhexyl) phthalate; DIBP: Diisobutyl 
phthalate; DNEL: Derived no-effect level; ECHA: European chemical agency; 
EFSA: European food safety authority; EPA: Environmental protection agency; 
HOMA-IR: Homeostatic model assessment of insulin resistance; IQ: Intelligence 
quotient; Kg: Kilogram; L: Liter; NCD: Non-communicable disease; NHANES: 
National health and nutrition examination survey; REACH: Registration, evalu-
ation, authorization and restriction of chemicals; RfD: Reference dose; SHBG: 
Steroid hormone binding globulin; T3: Triiodothyronine; T4: Thyroxine; TDI: 
Tolerable daily intake; TSH: Thyroid stimulating hormone; US: United States; Yo: 
Year old.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12940- 021- 00799-8.

Additional file 1. 

Acknowledgments
The authors are grateful to Dr. Leonardo Trasande for his expert advice and 
guidance and to those investigators that shared detailed data not included in 
the public versions of their publications.

Authors’ contributions
MVM: Conceptualization, Methodology, Investigation and Original draft. 
BG: Validation, Visualization, Review and Editing. KG: Validation, Review and 
Editing. BCA: Review and Editing. JM: Conceptualization, Review and Editing, 
Project administration, Funding acquisition. The author(s) read and approved 
the final manuscript.

Funding
This work was funded in part by a grant from MAVA Foundation and by the 
Food Packaging Forum (FPF). BG and JM are employees of FPF. FPF receives 
unconditional donations for unrestricted funding, as well as project-related 
grants, and all funding sources are listed.
https:// www. foodp ackag ingfo rum. org/ about- us/ fundi ng. Neither the board 
of FPF, nor MAVA Foundation interfered with the authors’ freedom to design, 
conduct, interpret and publish this information.

Declaration

Competing interests
MVM and KG are members of FPF science advisory board. MVM is a co-author 
on a petition to the US Food and Drug Administration to revoke the authoriza-
tions to use phthalates in food packaging and processing equipment.

Author details
1 Independent Consultant, Frederick, MD, USA. 2 Food Packaging Forum Foun-
dation, Zurich, Switzerland. 3 Eawag, Swiss Federal Institute of Aquatic Science 
and Technology, Dübendorf, Switzerland. 4 Department of Biological and Envi-
ronmental Sciences, University of Gothenburg, Gothenburg, Sweden. 

Received: 9 November 2020   Accepted: 18 October 2021

References
 1. World Health Organization: Global status report on noncommunicable 

diseases. 2014.
 2. Landrigan PJ, Fuller R, Acosta NJR, Adeyi O, Arnold R, Basu N, et al. The 

lancet commission on pollution and health. Lancet. 2017;391:462–512.
 3. Chen S, Kuhn M, Prettner K, Bloom DE. The macroeconomic burden of 

noncommunicable diseases in the United States: estimates and projec-
tions. PLoS One. 2018;13(11):e0206702.

 4. Balbus JM, Barouki R, Birnbaum LS, Etzel RA, Gluckman PD, Grandjean 
P, et al. Early-life prevention of non-communicable diseases. Lancet. 
2013;381(9860):3–4.

 5. Shaffer RM, Sellers SP, Baker MG, de Buen KR, Frostad J, Suter MK, et al. 
Improving and expanding estimates of the global burden of disease 
due to environmental health risk factors. Environ Health Perspect. 
2019;127(10):105001.

 6. Muncke J, Backhaus T, Geueke B, Maffini MV, Martin OV, Myers JP, et al. 
Scientific challenges in the risk assessment of Food contact materials. 
Environ Health Perspect. 2017;125(9):095001.

 7. PlasticsEurope: Plastics - the Facts 2019. In.; 2019.
 8. Kawagoshi Y, Tsukagoshi Y, Fukunaga I. Determination of estrogenic 

activity in landfill leachate by simplified yeast two-hybrid assay. JEM. 
2002;4(6):1040–6.

 9. Biedermann-Brem S, Biedermann M, Pfenninger S, Bauer M, Altkofer 
W, Rieger K, et al. Plasticizers in PVC toys and childcare products: what 
succeeds the phthalates? Market survey 2007. Chromatographia. 
2008;68(3):227–34.

 10. Jambeck JR, Geyer R, Wilcox C, Siegler TR, Perryman M, Andrady 
A, et al. Plastic waste inputs from land into the ocean. Science. 
2015;347(6223):768–71.

 11. Groh KJ, Backhaus T, Carney-Almroth B, Geueke B, Inostroza PA, Lennquist 
A, et al. Overview of known plastic packaging-associated chemicals and 
their hazards. Sci Total Environ. 2019;651(Pt 2):3253–68.

 12. United Nations Economic Commission for Europe: Globally harmonized 
system of classification and labelling of chemicals (GHS). 2015. https:// 
unece. org/ about- ghs.

 13. Geueke B, Inostroza PA, Maffini M, Backhaus T, Carney-Almroth B, Groh KJ, 
et al. Prioritization approaches for hazardous chemicals associated with 
plastic packaging. Food Packaging Forum Zurich. 2018:1–14.

 14. Nerin C, Canellas E, Vera P. Plasticizer migration into foods. In: Reference 
Module in Food Science. Amsterdam: Elsevier; 2018.

 15. Frederiksen H, Nielsen O, Koch HM, Skakkebaek NE, Juul A, Jørgensen 
N, et al. Changes in urinary excretion of phthalates, phthalate sub-
stitutes, bisphenols and other polychlorinated and phenolic sub-
stances in young Danish men; 2009–2017. Int J Hyg Environ Health. 
2020;223(1):93–105.

 16. Husøy T, Martínez MA, Sharma RP, Kumar V, Andreassen M, Sakhi AK, et al. 
Comparison of aggregated exposure to di(2-ethylhexyl) phthalate from 
diet and personal care products with urinary concentrations of metabo-
lites using a PBPK model - results from the Norwegian biomonitoring 
study in EuroMix. Food Chem Toxicol. 2020;143:111510.

 17. Geueke B, Muncke J. Substances of very high concern in food contact 
materials: migration and regulatory background. Packag Technol Sci. 
2018;31(12):757–69.

 18. Van Holderbeke M, Geerts L, Vanermen G, Servaes K, Sioen I, De Henauw 
S, et al. Determination of contamination pathways of phthalates in food 
products sold on the Belgian market. Environ Res. 2014;134:345–52.

 19. Schecter A, Lorber M, Guo Y, Wu Q, Yun SH, Kannan K, et al. Phthalate 
concentrations and dietary exposure from food purchased in New York 
state. Environ Health Perspect. 2013;121(4):473–94.

 20. Guart A, Bono-Blay F, Borrell A, Lacorte S. Effect of bottling and storage 
on the migration of plastic constituents in Spanish bottled waters. Food 
Chem. 2014;156:73–80.

 21. Koch HM, Lorber M, Christensen KL, Pälmke C, Koslitz S, Brüning T. 
Identifying sources of phthalate exposure with human biomonitoring: 

https://doi.org/10.1186/s12940-021-00799-8
https://doi.org/10.1186/s12940-021-00799-8
https://www.foodpackagingforum.org/about-us/funding
https://unece.org/about-ghs
https://unece.org/about-ghs


Page 13 of 14Maffini et al. Environ Health          (2021) 20:114  

results of a 48 h fasting study with urine collection and personal activity 
patterns. Int J Hyg Environ. 2013;216(6):672–81.

 22. Hammel SC, Levasseur JL, Hoffman K, Phillips AL, Lorenzo AM, Calafat AM, 
et al. Children’s exposure to phthalates and non-phthalate plasticizers in 
the home: the TESIE study. Environ Int. 2019;132:105061.

 23. Consumer Protection Safety Commission. Prohibition of Children’s Toys 
and Child Care Articles Containing Specified Phthalates. In: 16 CFR 1307. 
United States: Federal Register; 2017. p. 49938–82.

 24. EFSA Panel on Food contact materials E, aids P, Silano V, Barat Baviera 
JM, Bolognesi C, Chesson A, Cocconcelli PS, et al. Update of the risk 
assessment of di-butylphthalate (DBP), butyl-benzyl-phthalate (BBP), 
bis (2-ethylhexyl) phthalate (DEHP), di-isononylphthalate (DINP) and 
di-isodecylphthalate (DIDP) for use in food contact materials. EFSA J. 
2019;17(12):e05838.

 25. European Chemical Agency Committee for Risk Assessment: Opinion on 
an Annex XV dossier proposing restrictions on FOUR PHTHALATES (DEHP, 
BBP, DBP, DIBP). ECHA/RAC/RES-O-0000001412-86-140/F. 2017.

 26. European Commision: Registration, evaluation, authorisation and restric-
tion of chemicals (REACH). EC 1907/2006; 2006.

 27. Joint FAO/WHO Expert Committee on Food Additives: Principles and 
methods for the risk assessment of chemicals in food. Environmental 
Health Criteria 2009.

 28. European Food Safety Authority. Glossary [https:// www. efsa. europa. eu/ 
en/ gloss ary- taxon omy- terms].

 29. US Environmental Protection Agency Integrated Risk Information System 
(IRIS). Glossary [https:// sor. epa. gov/ sor_ inter net/ regis try/ termr eg/ searc 
handr etrie ve/ gloss aries andke yword lists/ search. do? detai ls= & gloss aryNa 
me= IRIS% 20Glo ssary].

 30. Consumer Product Safety Improvement Act of 2008. 122 STAT 3016 2008.
 31. ECHA Authorization List [https:// echa. europa. eu/ autho risat ion- list].
 32. Zota AR, Calafat AM, Woodruff TJ. Temporal trends in phthalate exposures: 

findings from the National Health and nutrition examination survey, 
2001-2010. Environ Health Perspect. 2014;122(3):235–41.

 33. Schwedler G, Rucic E, Lange R, Conrad A, Koch HM, Pälmke C, et al. Phtha-
late metabolites in urine of children and adolescents in Germany. Human 
biomonitoring results of the German Environmental Survey GerES V, 
2014–2017. Int J Hyg Environ Health. 2020;225:113444.

 34. Radke EG, Galizia A, Thayer KA, Cooper GS. Phthalate exposure and 
metabolic effects: a systematic review of the human epidemiological 
evidence. Environ Int. 2019;132:104768.

 35. Radke EG, Braun JM, Meeker JD, Cooper GS. Phthalate exposure and male 
reproductive outcomes: a systematic review of the human epidemiologi-
cal evidence. Environ Int. 2018;121(Pt 1):764–93.

 36. Factor-Litvak P, Insel B, Calafat AM, Liu X, Perera F, Rauh VA, et al. Persistent 
associations between maternal prenatal exposure to phthalates on child 
IQ at age 7 years. PLoS One. 2014;9(12):e114003.

 37. Radke EG, Braun JM, Nachman RM, Cooper GS. Phthalate exposure and 
neurodevelopment: a systematic review and meta-analysis of human 
epidemiological evidence. Environ Int. 2020;137:105408.

 38. James-Todd TM, Chiu YH, Messerlian C, Mínguez-Alarcón L, Ford JB, Keller 
M, et al. Trimester-specific phthalate concentrations and glucose levels 
among women from a fertility clinic. Environ Health. 2018;17(1):55.

 39. Messerlian C, Souter I, Gaskins AJ, Williams PL, Ford JB, Chiu YH, et al. Uri-
nary phthalate metabolites and ovarian reserve among women seeking 
infertility care. Hum Reprod. 2016;31(1):75–83.

 40. US Environmental Protection Agency: Exposure factors handbook 2011 
edition (final report). Washington, DC 2011.

 41. Barr DB, Wilder LC, Caudill SP, Gonzalez AJ, Needham LL, Pirkle JL. 
Urinary creatinine concentrations in the U.S. population: implications 
for urinary biologic monitoring measurements. Environ Health Perspect. 
2005;113(2):192–200.

 42. Koch HM, Bolt HM, Preuss R, Angerer J. New metabolites of di(2-ethyl-
hexyl)phthalate (DEHP) in human urine and serum after single oral doses 
of deuterium-labelled DEHP. Arch Toxicol. 2005;79(7):367–76.

 43. Anderson WA, Castle L, Hird S, Jeffery J, Scotter MJ. A twenty-volunteer study 
using deuterium labelling to determine the kinetics and fractional excretion 
of primary and secondary urinary metabolites of di-2-ethylhexylphthalate 
and di-iso-nonylphthalate. Food Chem Toxicol. 2011;49(9):2022–9.

 44. US Food and Drug Administration. Cosmetic Ingredients: Phthalates 
[https:// www. fda. gov/ cosme tics/ cosme tic- ingre dients/ phtha lates].

 45. US Environmental Protection Agency. Assessing and Managing Chemi-
cals under TSCA: Risk Management for Phthalates [https:// www. epa. gov/ 
asses sing- and- manag ing- chemi cals- under- tsca/ risk- manag ement- phtha 
lates].

 46. Neal-Kluever A, Aungst J, Gu Y, Hatwell K, Muldoon-Jacobs K, Liem A, et al. 
Infant toxicology: state of the science and considerations in evaluation of 
safety. Food Chem Toxicol. 2014;70:68–83.

 47. Wang YX, Zhou B, Chen YJ, Liu C, Huang LL, Liao JQ, et al. Thyroid 
function, phthalate exposure and semen quality: exploring associa-
tions and mediation effects in reproductive-aged men. Environ Int. 
2018;116:278–85.

 48. Hauser R, Meeker JD, Duty S, Silva MJ, Calafat AM. Altered semen quality 
in relation to urinary concentrations of phthalate monoester and oxida-
tive metabolites. Epidemiology. 2006;17(6):682–91.

 49. Huang PC, Kuo PL, Guo YL, Liao PC, Lee CC. Associations between urinary 
phthalate monoesters and thyroid hormones in pregnant women. Hum 
Reprod. 2007;22(10):2715–22.

 50. Ferguson KK, Peterson KE, Lee JM, Mercado-García A, Blank-Goldenberg 
C, Téllez-Rojo MM, et al. Prenatal and peripubertal phthalates and bisphe-
nol a in relation to sex hormones and puberty in boys. Reprod Toxicol. 
2014;47:70–6.

 51. Hatch EE, Nelson JW, Qureshi MM, Weinberg J, Moore LL, Singer M, et al. 
Association of urinary phthalate metabolite concentrations with body 
mass index and waist circumference: a cross-sectional study of NHANES 
data, 1999-2002. Environ Health. 2008;7:27.

 52. Swan SH, Liu F, Hines M, Kruse RL, Wang C, Redmon JB, et al. Prenatal 
phthalate exposure and reduced masculine play in boys. Int J Androl. 
2010;33(2):259–69.

 53. Soomro MH, Baiz N, Philippat C, Vernet C, Siroux V, Nichole Maesano C, 
et al. Prenatal exposure to phthalates and the development of eczema 
phenotypes in male children: results from the EDEN mother-child cohort 
study. Environ Health Perspect. 2018;126(2):027002.

 54. US Consumer Product Safety Commission: Chronic Hazard Advisory Panel 
on Phthalates and Phthalates Alternatives. cpsc. gov/ chap; 2014.

 55. Huang PC, Tsai CH, Liang WY, Li SS, Huang HB, Kuo PL. Early phthalates 
exposure in pregnant women is associated with alteration of thyroid 
hormones. PLoS One. 2016;11(7):e0159398.

 56. Johns LE, Ferguson KK, Soldin OP, Cantonwine DE, Rivera-González LO, 
Del Toro LV, et al. Urinary phthalate metabolites in relation to maternal 
serum thyroid and sex hormone levels during pregnancy: a longitudinal 
analysis. Reprod Biol Endocrinol. 2015;13:4.

 57. Machtinger R, Gaskins AJ, Racowsky C, Mansur A, Adir M, Baccarelli AA, 
et al. Urinary concentrations of biomarkers of phthalates and phthalate 
alternatives and IVF outcomes. Environ Int. 2018;111:23–31.

 58. Adibi JJ, Whyatt RM, Hauser R, Bhat HK, Davis BJ, Calafat AM, et al. Tran-
scriptional biomarkers of steroidogenesis and trophoblast differentiation 
in the placenta in relation to prenatal phthalate exposure. Environ Health 
Perspect. 2010;118(2):291–6.

 59. Yaghjyan L, Sites S, Ruan Y, Chang SH. Associations of urinary phthalates 
with body mass index, waist circumference and serum lipids among 
females: National Health and nutrition examination survey 1999-2004. Int 
J Obes. 2015;39(6):994–1000.

 60. Kim JH, Park HY, Bae S, Lim YH, Hong YC. Diethylhexyl phthalates is associ-
ated with insulin resistance via oxidative stress in the elderly: a panel 
study. PLoS One. 2013;8(8):e71392.

 61. Du YY, Guo N, Wang YX, Hua X, Deng TR, Teng XM, et al. Urinary phthalate 
metabolites in relation to serum anti-Müllerian hormone and inhibin 
B levels among women from a fertility center: a retrospective analysis. 
Reprod Health. 2018;15(1):33.

 62. Boss J, Zhai J, Aung MT, Ferguson KK, Johns LE, McElrath TF, et al. Associa-
tions between mixtures of urinary phthalate metabolites with gestational 
age at delivery: a time to event analysis using summative phthalate risk 
scores. Environ Health. 2018;17(1):56.

 63. Adibi JJ, Hauser R, Williams PL, Whyatt RM, Calafat AM, Nelson H, et al. 
Maternal urinary metabolites of Di-(2-Ethylhexyl) phthalate in relation 
to the timing of labor in a US multicenter pregnancy cohort study. Am J 
Epidemiol. 2009;169(8):1015–24.

 64. Huang HB, Kuo PH, Su PH, Sun CW, Chen WJ, Wang SL. Prenatal and child-
hood exposure to phthalate diesters and neurobehavioral development 
in a 15-year follow-up birth cohort study. Environ Res. 2019;172:569–77.

https://www.efsa.europa.eu/en/glossary-taxonomy-terms
https://www.efsa.europa.eu/en/glossary-taxonomy-terms
https://sor.epa.gov/sor_internet/registry/termreg/searchandretrieve/glossariesandkeywordlists/search.do?details=&glossaryName=IRIS%20Glossary
https://sor.epa.gov/sor_internet/registry/termreg/searchandretrieve/glossariesandkeywordlists/search.do?details=&glossaryName=IRIS%20Glossary
https://sor.epa.gov/sor_internet/registry/termreg/searchandretrieve/glossariesandkeywordlists/search.do?details=&glossaryName=IRIS%20Glossary
https://echa.europa.eu/authorisation-list
https://www.fda.gov/cosmetics/cosmetic-ingredients/phthalates
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-phthalates
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-phthalates
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-phthalates
http://cpsc.gov/chap


Page 14 of 14Maffini et al. Environ Health          (2021) 20:114 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 65. Whyatt RM, Liu X, Rauh VA, Calafat AM, Just AC, Hoepner L, et al. Maternal 
prenatal urinary phthalate metabolite concentrations and child mental, 
psychomotor, and behavioral development at 3 years of age. Environ 
Health Perspect. 2012;120(2):290–5.

 66. Kim Y, Ha EH, Kim EJ, Park H, Ha M, Kim JH, et al. Prenatal exposure to 
phthalates and infant development at 6 months: prospective mothers 
and Children’s environmental health (MOCEH) study. Environ Health 
Perspect. 2011;119(10):1495–500.

 67. Buckley JP, Engel SM, Braun JM, Whyatt RM, Daniels JL, Mendez MA, et al. 
Prenatal phthalate exposures and body mass index among 4- to 7-year-
old children: a pooled analysis. Epidemiology. 2016;27(3):449–58.

 68. Philippat C, Nakiwala D, Calafat AM, Botton J, De Agostini M, Heude B, 
et al. Prenatal exposure to nonpersistent endocrine disruptors and behav-
ior in boys at 3 and 5 years. Environ Health Perspect. 2017;125(9):097014.

 69. Engel SM, Villanger GD, Nethery RC, Thomsen C, Sakhi AK, Drover SSM, 
et al. Prenatal phthalates, maternal thyroid function, and risk of attention-
deficit hyperactivity disorder in the Norwegian mother and child cohort. 
Environ Health Perspect. 2018;126(5):057004.

 70. Swan SH, Sathyanarayana S, Barrett ES, Janssen S, Liu F, Nguyen RH, et al. 
First trimester phthalate exposure and anogenital distance in newborns. 
Hum Reprod. 2015;30(4):963–72.

 71. Boas M, Frederiksen H, Feldt-Rasmussen U, Skakkebæk NE, Hegedüs 
L, Hilsted L, et al. Childhood exposure to phthalates: associations with 
thyroid function, insulin-like growth factor I, and growth. Environ Health 
Perspect. 2010;118(10):1458–64.

 72. Smerieri A, Testa C, Lazzeroni P, Nuti F, Grossi E, Cesari S, et al. Di-(2-eth-
ylhexyl) phthalate metabolites in urine show age-related changes and 
associations with adiposity and parameters of insulin sensitivity in child-
hood. PLoS One. 2015;10(2):e0117831.

 73. Kasper-Sonnenberg M, Wittsiepe J, Wald K, Koch HM, Wilhelm M. 
Pre-pubertal exposure with phthalates and bisphenol a and pubertal 
development. PLoS One. 2017;12(11):e0187922.

 74. Zhang Y, Meng X, Chen L, Li D, Zhao L, Zhao Y, et al. Age and sex-specific 
relationships between phthalate exposures and obesity in Chinese 
children at puberty. PLoS One. 2014;9(8):e104852.

 75. Trasande L, Sathyanarayana S, Trachtman H. Dietary phthalates and low-
grade albuminuria in US children and adolescents. Clin J Am Soc Nephrol. 
2014;9(1):100–9.

 76. Trasande L, Sathyanarayana S, Spanier AJ, Trachtman H, Attina TM, Urbina 
EM. Urinary phthalates are associated with higher blood pressure in 
childhood. J Pediatr. 2013;163(3):747–753.e741.

 77. Meeker JD, Ferguson KK. Relationship between urinary phthalate and bis-
phenol a concentrations and serum thyroid measures in U.S. adults and 
adolescents from the National Health and nutrition examination survey 
(NHANES) 2007-2008. Environ Health Perspect. 2011;119(10):1396–402.

 78. Trasande L, Spanier AJ, Sathyanarayana S, Attina TM, Blustein J. Urinary 
phthalates and increased insulin resistance in adolescents. Pediatrics. 
2013;132(3):e646–55.

 79. Duty SM, Silva MJ, Barr DB, Brock JW, Ryan L, Chen Z, et al. Phthalate expo-
sure and human semen parameters. Epidemiology. 2003;14(3):269–77.

 80. Mendiola J, Meeker JD, Jørgensen N, Andersson AM, Liu F, Calafat AM, 
et al. Urinary concentrations of di(2-ethylhexyl) phthalate metabolites 
and serum reproductive hormones: pooled analysis of fertile and infertile 
men. J Androl. 2012;33(3):488–98.

 81. Meeker JD, Calafat AM, Hauser R. Urinary metabolites of di(2-ethylhexyl) 
phthalate are associated with decreased steroid hormone levels in adult 
men. J Androl. 2009;30(3):287–97.

 82. Meeker JD, Calafat AM, Hauser R. Di(2-ethylhexyl) phthalate metabo-
lites may alter thyroid hormone levels in men. Environ Health Perspect. 
2007;115(7):1029–34.

 83. Center for Disease Control and Prevention: Fourth National Report on 
Human Exposure to Environmental Chemicals. 2019.

 84. Hammond GL. Diverse roles for sex hormone-binding globulin in repro-
duction. Biol Reprod. 2011;85(3):431–41.

 85. Luisi S, Florio P, Reis FM, Petraglia F. Inhibins in female and male reproduc-
tive physiology: role in gametogenesis, conception, implantation and 
early pregnancy. Hum Reprod Update. 2005;11(2):123–35.

 86. National Academies of Sciences E, Medicine: Application of systematic 
review methods in an overall strategy for evaluating low-dose toxicity 
from endocrine active chemicals. 2017.

 87. Maffini M, Vandenberg L. Closing the gap: improving additives safety 
evaluation to reflect human health concerns. Environ Risk Assess Reme-
diat. 2017;1(3):26–33.

 88. EFSA Panel on Food Contact Materials E, Flavourings, Aids P. Scientific 
opinion on the risks to public health related to the presence of bisphenol 
a (BPA) in foodstuffs. EFSA J. 2015;13(1):3978.

 89. Lioy PJ, Hauser R, Gennings C, Koch HM, Mirkes PE, Schwetz BA, et al. 
Assessment of phthalates/phthalate alternatives in children’s toys and 
childcare articles: review of the report including conclusions and recom-
mendation of the chronic Hazard advisory panel of the consumer prod-
uct safety commission. J Expo Sci Environ Epidemiol. 2015;25(4):343–53.

 90. National Academy of Sciences: Science and Decisions - Advancing Risk 
Assessment. In. National Academies of Science, Engineering, and Medi-
cine; 2009.

 91. Rappaport SM, Smith MT. Epidemiology. Environment and disease risks. 
Science. 2010;330(6003):460–1.

 92. US Food and Drug Administration: Guidance for Industry and Other 
Stakeholders: Redbook 2000. Toxicological Principles for the Safety 
Assessment of Food Ingredients 2007.

 93. European Chemical Agency: Framework, Read-Across Assessment. 2017.
 94. Madia F, Worth A, Whelan M, Corvi R. Carcinogenicity assessment: 

addressing the challenges of cancer and chemicals in the environment. 
Environ Int. 2019;128:417–29.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Role of epidemiology in risk assessment: a case study of five ortho-phthalates
	Abstract 
	Background: 
	Methods: 
	Result: 
	Conclusion: 

	Background
	Methods
	Targeted literature search
	Intake estimation from urinary concentration
	Regulation of priority phthalates

	Results
	Discussion
	Conclusions
	Acknowledgments
	References


