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In the last decades, the availability of sophisticated analytical chemistry techniques has facilitated
measuring trace levels of multiple environmental chemicals in human biological matrices (i.e. bio-
monitoring) with a high degree of accuracy and precision. As biomonitoring data have become
readily available, interest in their interpretation has increased. We present an overview on the use
of biomonitoring in exposure and risk assessment using phthalates and bisphenol A as examples
of chemicals used in the manufacture of plastic goods. We present and review the most relevant
research on biomarkers of exposure for phthalates and bisphenol A, including novel and most
comprehensive biomonitoring data from Germany and the United States. We discuss several factors
relevant for interpreting and understanding biomonitoring data, including selection of both
biomarkers of exposure and human matrices, and toxicokinetic information.
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1. INTRODUCTION
(a) Defining exposure, body burden and
biological monitoring of exposure
In industrialized societies, humans are exposed to a
wide spectrum of man-made chemicals. Besides occu-
pational exposure scenarios, exposures can also occur
through air, dust, water, food and using consumer
and personal-care products. From all these sources,
chemicals end up in the human body primarily via
ingestion, inhalation or dermal absorption. Ambient
monitoring aims at determining the variety of external
exposure sources to selected environmental chemicals
(Clark er al. 2003). By contrast, human biomonitor-
ing! determines internal exposure (i.e. body burden)
by measuring the chemicals, their metabolites or
specific reaction products in human specimens (e.g.
urine or blood). Biomonitoring represents an integral
measure of exposure from multiple sources and
routes (Angerer er al. 2006; Needham er al. 2007).
Historically, exposure assessments relied on
measuring the chemicals in environmental media and
foodstuff; collecting survey/questionnaire data on per-
sonal lifestyle, product use and food consumption;
calculating estimates of contact times and incorporated
quantities; and making pharmacokinetic assumptions
based on animal studies. Biomonitoring data permit
a new approach to exposure assessment even when
the quantity and quality of external exposures are
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unknown or ambiguous. Biomonitoring data can be
used to compare exposures of the general population
with special subpopulations and with toxicological
animal data. Biomonitoring data also can be used in
risk assessment and risk management; risk manage-
ment, however, will not be discussed in this review.
For risk assessment, biomonitoring/biomarker measure-
ments are used to estimate dose, which can then be
compared with toxicological parameters normally
obtained from animal studies. One key task in inter-
preting biomonitoring data is to put in perspective
exposure data with presumed toxic doses. Therefore,
interpretation of human biomonitoring requires inter-
disciplinary expertise from several fields, including
occupational and environmental medicine, toxicology,
epidemiology, analytical and bioanalytical chemistry,
exposure assessment, industrial hygiene, environmental
fate/transport, pharmacology/pharmacokinetics and
risk assessment.

The presence of biomarkers of exposure or their
absolute concentration in biological specimens is not
sufficient to establish whether exposures have reached
toxic (or non-negligible) levels per se. In particular,
‘low-level’ exposures can be critical when they refer
to exposure doses close to the toxic animal doses,
whereas ‘high-level’ exposures can be regarded as less
critical when toxic dose thresholds are considerably
higher. Endocrine disrupting/modulating chemicals
(EDCs) have generated considerable attention for
their possible ‘low-dose’ effects in mammals. The
term ‘low-dose effects’ is defined as ‘biological
changes that occur at environmentally relevant
exposure levels or at doses that are lower than those
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typically used in EPA’s standard toxicity testing
paradigm’ (NTP 2001).

Since the late 1990s, urinary concentrations of
environmental chemicals, including EDCs (like phtha-
lates and bisphenol A (BPA)) or their metabolites,
have been measured as part of biomonitoring studies
or programmes, and used as biomarkers to calculate
exposure (doses) of the general population around
the world (Blount ez al. 2000; Koch er al. 20035,
2007; Silva er al. 2004; CDC 2005; NTP 2008;
Vandenberg et al. 2007; Calafat er al. 2008; Dekant
& Voelkel 2008). Based on biomonitoring of exposure,
calculated tolerable daily intakes (TDI) of certain
endocrine disruptors in mg (kg body weight) ' (and
based on animal experiments) can be exceeded in
humans. Therefore, these exposure levels have gener-
ated considerable attention for their potential effects
in humans, in particular in susceptible subgroups
such as pregnant women, children and young adoles-
cents. Literature on phthalates and BPA research is
exhaustive and cannot be covered comprehensively in
this report (see also Talsness er al. (2009); Meeker
et al. (2009); Thompson et al. (2009)). Nevertheless,
we have attempted to present and review here the
most relevant research on biomarkers of exposure for
phthalates and BPA, to include novel biomonitoring
data from Germany and the United States, and to
interpret these biomonitoring data in terms of
exposure and risk assessment.

2. PHTHALATES AND BISPHENOL A

(a) Their use in plastic manufacture

Phthalates and BPA are long-standing man-made
chemicals (used for more than 100 years) produced
worldwide in more than 1 million tonnes each year.
From an industrial chemist’s perspective, phthalates
and BPA do not share many similarities except that
their major (though not exclusive) field of application
is in plastics manufacture.

The term phthalates describes a class of chemicals
that are dialkyl- or alkylarylesters of 1,2-benzenedicar-
boxylic acid. Their industrial applications are related
to the length of their ester chain. Phthalates with alkyl-
chain lengths from 3 to 10 carbons are widely used as
general-purpose plasticizers in polymers, primarily in
polyvinyl chloride (PVC) resins. Within soft PVC,
the plasticizing phthalate content can be up to 40
per cent. Typical products containing phthalates are
floorings, roofings, wall coverings and cables, clothing,
packaging materials and toys (David et al. 2001; EC
2008). Di-2-ethylhexyl phthalate (DEHP) is the
major plasticizer for PVC-containing medical devices
such as bags for blood or parenteral nutrition, tubings
and catheters (FDA 2001). Because phthalates are not
chemically bound to the polymer, they can leach or
outgas into the surrounding media. Thus, phthalates
can enter the environmental cycles or the human
body directly. Phthalates also are used as industrial sol-
vents and lubricants, additives in the textile industry,
in pesticide formulations and as components in
personal-care products (David ez al. 2001; EC 2008).
One of them, dibutyl phthalate (DBP), is also used
in the pharmaceutical field as a constituent of the
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enteric coating of some medications (Hauser et al.
2004).

The wubiquitous presence of phthalates in the
environment poses an analytical challenge: the phtha-
late blank problem. Some phthalates are detected even
in the cleanest laboratory reagents, sampling equip-
ment and analytical apparatus. These circumstances
can hamper the reliable quantification of phthalates
in real-life scenarios. As a result, all ambient monitor-
ing data and all data in general related to the measures
of low levels of phthalate diesters must be interpreted
with caution because of possible external contamination.
Early human studies using measures of phthalate
diesters (and sometimes also of their hydrolytic
monoester metabolites) were limited to highly exposed
populations (Ching ez al. 1981; Pollack er al. 1985;
Dirven ez al. 1993) or produced ambiguous results
(Colon et al. 2000; McKee 2004). Progress in
human biomonitoring has opened new possibilities
in assessing phthalate exposures because most of the
biomarkers used nowadays are specific metabolites
(secondary or oxidized metabolites) that are not
prone to contamination.

BPA is used mainly in manufacturing polycarbonate
plastic and epoxy resins although other uses (e.g. PVC
production and processing) are possible (EU 2003).
BPA-derived products can be used in impact-resistant
safety equipment and baby bottles, as protective coatings
inside metal food containers, and as composites and sea-
lants in dentistry (N'TP 2008). Exposure to BPA results
primarily from ingesting contaminated food (Kang ez al.
2006; Vandenberg er al. 2007). Unlike phthalates, BPA
represents a single compound. Further, BPA-produced
polymers do not require plasticizers to gain desired flexi-
bility and stability. Human exposure can occur either
through the unreacted monomer in the polymer or
through remobilized BPA from the final polymer.
Therefore, although some phthalates and BPA are
produced in rather comparable orders of magnitude,
absolute exposure levels for BPA are probably orders of
magnitude lower than for (some) phthalates.

(b) Suspected human endocrine disrupters
Phthalates and BPA have received considerable atten-
tion because of the various facets of their proven toxicity
in animal studies and because of their ubiquitous pres-
ence in the environment and in humans.

In 1936, BPA was termed an ‘environmental oestro-
gen’ when it was shown to stimulate the reproductive
system by binding to oestrogen receptors in female rats
(vom Saal er al. 2007). Exposure to high doses of BPA
during pregnancy and/or lactation has adverse develop-
mental effects, including reduced survival, birth weight,
growth of offspring early in life and delayed onset of
puberty in male and female rodents (NTP 2008).
Mechanisms other than binding to the classical oestrogen
receptors, which can stimulate cellular responses at low
concentrations, also exist (Welshons ez al. 2006).

In contrast to BPA, phthalates do not seem to act via
direct hormonal mimicking. However, in rodents, some
phthalates, namely butylbenzyl phthalate (BBzP), di-
iso-butyl phthalate (DiBP), di-n-butyl phthalate
(DnBP), dipentyl phthalate (DPeP), DEHP and
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diisononyl phthalate (DiNP) (Gray & Gangolli 1986;
Gray et al. 2000; Borch ez al. 2006; Howdeshell ez al.
2007), can modulate the endogenous production of
foetal testicular testosterone and influence insulin-like
factor 3 and follicle-stimulating hormone production
(Sharpe & Irvine 2004), resulting in functional and
structural impairment of male reproduction and devel-
opment (Gray et al. 2000; Lee er al. 2004; Iyl er al.
2004; Foster 2006).

3. PREMISES FOR HUMAN BIOMONITORING

(a) Selection of the biological matrix

After exposure, environmental chemicals may enter
the body, reach the blood systemic circulation and
distribute into various body compartments, where
they can be in equilibrium with blood concentrations,
secretion concentrations or both. To compare concen-
trations in blood and other matrices, information on
partitioning of these chemicals from blood into tissues
is needed, as well as basic information on metabolic
pathways and on elimination (e.g. via urine or
faeces) (Needham ez al. 2005).

Blood (or its components) and urine are the most
common matrices for biomonitoring. The use of
unconventional matrices (e.g. breast milk, meconium,
umbilical cord blood, amniotic fluid, seminal fluid,
saliva) may be of interest for toxicological consider-
ations (Barr et al. 2005), for assessing prenatal
exposures (Whyatt & Barr 2001; Pichini ez al. 2004)
or for specific purposes (Palmeri et al. 2000; Kintz &
Samyn 2002). However, both validated standard oper-
ating procedures and published reference ranges are
lacking. Also, knowledge on the variability of these
matrices related to demographic (e.g. age, gender,
race), occupational and personal lifestyle factors is
limited, and toxicokinetics are insufficiently described.
Therefore, interpretation of biomonitoring data in
these alternative matrices is difficult (Barr er al.
2005; Angerer et al. 2007).

Blood is the preferred matrix for biomonitoring of
persistent compounds, and it is important when inves-
tigating the distribution, elimination and metabolism
of non-persistent compounds. However, the relatively
short half-lives of non-persistent compounds largely
limit the use of blood for biomonitoring purposes at
environmental exposure levels. Furthermore, amounts
of blood available for analysis are normally limited,
and blood collection is complicated and invasive
(Needham & Sexton 2000). Nevertheless, information
on the blood concentration of the compounds,
obtained by using highly sensitive and selective detec-
tion techniques (i.e. mass spectrometry), could be
useful for risk assessment.

In general, urine is the matrix of choice for biomo-
nitoring of non-persistent chemicals, such as phtha-
lates and BPA, because urinary concentrations of
these compounds or their metabolites are higher
than blood concentrations. Furthermore, urine is a
relatively abundant matrix and its collection is gener-
ally simple and non-invasive (Needham & Sexton
2000). Daily urine volume, however, is related to
liquid intake, physical exercise and individual health
and lifestyle factors. This variability of either ‘diluted’
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or ‘concentrated’ metabolite concentrations in urine
has to be taken into consideration when interpreting
biomonitoring urinary data. Furthermore, data from
the National Health and Nutrition Examination
Survey (NHANES), a US nationally representative
cross-sectional study, showed significant variations
in phthalate metabolite distributions depending on
the time of day when urine samples were collected
(Silva et al. 2004). Similarly, in the recent NHANES
2003-2004, variations existed in the geometric mean
concentrations of BPA depending on the time of
day of sample collection (Calafat er al. 2008). These
observations, along with the non-persistent nature of
phthalates and BPA, may reflect variability in exposures
as a result of differences in factors such as diet, lifestyle
and using products containing these compounds, which
may contribute to the differences observed in urinary
concentrations. Because collecting 24 h urine samples
is not practical for epidemiological studies, consider-
ation should be given to standardizing the time of
sample collection. When the goal is to compare relative
exposures to various chemicals across populations or
among different studies, collecting first-morning urine
samples may be preferred, although for chemicals
for which diet is an important source of exposure
(e.g. BPA) sampling a few hours after a meal may be
preferable. However, studies designed to explore poten-
tial health risks of the chemicals should not restrict
sample collection to first-morning urine samples
because relevant exposure opportunities in the course
of a day may be missed and result in exposure misclassi-
fication. At minimum, timing of the urine collection
always should be recorded.

(b) Selection of biomarkers of exposure
Non-persistent chemicals such as phthalates and BPA
are often metabolized to increase their hydrophilic
character; both parent compound and metabolites
can be excreted unchanged or can undergo phase II
biotransformations (e.g. glucuronidation or sulpha-
tion). Any of these metabolites may be used as
potential biomarkers of exposure.

(1) Bisphenol A

In humans, ingested BPA is not extensively me-
tabolized by phase I modifications but is rapidly
conjugated with glucuronic acid. Minor amounts of
BPA might also be conjugated with sulphate. As a
result, BPA is almost completely excreted in urine as
a conjugate (Ye et al. 2005; CERHR 2007; Dekant &
Voelkel 2008). After oral administration of a single
dose (5mg abs., 54—88 pg (kg body weight) 'd™ 1)
of d,¢-BPA to six adult volunteers, d,¢-BPA-glucuro-
nide was the only metabolite detected in urine and
blood; ingested d;s-BPA was nearly completely recov-
ered in urine as d;s-BPA-glucuronide within 24 h
(Volkel et al. 2002). Nevertheless, a fraction of the
absorbed BPA may distribute to body storage site(s)
such as adipose tissue, followed by a slow, low-level
release of BPA into the bloodstream (Fernandez ez al.
2007). BPA-glucuronide, which has a terminal half-
life of <6 h (Volkel ez al. 2002) and is rapidly excreted
in urine, can potentially be used as a biomarker of



2066 H. M. Koch and A. M. Calafat

Review. Biomonitoring chemicals used in plastics

exposure to BPA (Volkel ez al. 2004, 2005; Ye et al.
2005). An important advantage of measuring the
concentrations of the glucuronidated metabolite is
that it excludes the potential external contamination
by free BPA from the environment or BPA-
containing materials in the sampling and analytical
process. However, identifying and measuring conjugated
species is challenging because conjugated standards are
not always readily available, and trace-level analysis of
conjugated species is especially difficult due to their
chemical and physical properties. An alternative
approach is to measure the total concentration of the
compound (free plus conjugated species) after an enzy-
matic hydrolysis of the conjugate(s). In the case of
BPA, special attention is required to avoid external
contamination with the parent compound (Schonfelder
et al. 2002; Volkel er al. 2005; Dekant & Voelkel 2008).

Currently, most population-based biomonitoring
studies focus on determining the total concentration
of BPA in urine (Volkel er al. 2005; Ye et al. 2005;
Calafat ez al. 2008; Dekant & Voelkel 2008).
However, if the free form is the toxicologically active
species, the concentrations of free BPA in circulating
blood available to interact at the target organ(s) rather
than the total urinary concentrations of BPA would be
of special public health interest (Volkel er al. 2008).
Ideally, in metabolism studies using mass spectrometry
detection, stable isotope (D or '>C) labelled standards
should be administered to exclude the possibility of
external contamination. Both isotope labelled free and
conjugated BPA should be determined in the specimens
of interest (e.g. blood, tissue, urine) to ensure the high-
est specificity. Appropriate analytical standards (i.e.
d;6-BPA and '>C,;,-BPA) are commercially available;
the synthesis of the glucuronides has been described
(Volkel et al. 2002).

(1) Phthalates

Metabolism and elimination of phthalates and, there-
fore, the selection of appropriate biomarkers as well as
their interpretation is complex. In a first rapid step,
which can occur at various stages/sites in the body
(e.g. mouth or skin, stomach, intestines, blood), the
phthalate diester is cleaved into the respective hydrolytic
monoester. Therefore, blood concentrations of the
intact phthalate diesters would be, if determined
correctly, either very low, rather transient, or artifacts
of analytical background contamination (Kessler ez al.
2001, 2004; Koch ez al. 2004a). In a second step, the
alkyl chain of the resulting hydrolytic monoester can
be modified by various oxidation reactions. In a third
step, both the hydrolytic monoester and the oxidized
secondary metabolites can be conjugated with glucuro-
nic acid and finally excreted in urine. The extent of
oxidative modification increases relative to the alkyl
chain length of the phthalate monoester. Oxidative
metabolites are more water soluble than the corre-
sponding hydrolytic monoesters, which, in turn, have
decreased water solubility when the alkyl chain length
increases. Therefore, low-molecular weight phthalates
(e.g. diethyl phthalate (DEP) and DBP) mostly metab-
olize to their hydrolytic monoesters (ATSDR 1995,
2001). By contrast, high-molecular weight phthalates
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with eight or more carbons in the alkyl chain (e.g.
DEHP, DINP) metabolize to their hydrolytic mono-
esters, which are extensively transformed to oxidative
products (Albro & Lavenhar 1989; ATSDR 1997,
2002; Koch et al. 2005b; Silva et al. 2006a, 2007b;
Kato ez al. 2007; Koch & Angerer 2007).

Therefore, using the hydrolytic monoester metab-
olites as sole biomarkers to compare relative exposures
can be misleading, especially when comparing the
hydrolytic monoester concentrations of high- versus
low-molecular weight phthalates (e.g. DBP versus
DEHP). While approximately 70 per cent of an oral
dose of DBP (four carbons in the alkyl chain) is
excreted in wurine as the hydrolytic monoester
(Anderson et al. 2001), less than 10 per cent of
DEHP (eight carbons in the alkyl chain) and less
than 2 per cent of DINP (nine carbons in the alkyl
chain) are excreted as the hydrolytic monoesters
(Koch ez al. 2004a, 2005b; Preuss et al. 2005; Koch
& Angerer 2007). Regarding diisodecyl phthalate
(DiDP, with 10 carbons in the alkyl chain), no relevant
concentrations of the hydrolytic monoester are
excreted in urine (Kato ez al. 2007; Silva ez al. 2007a).

In recent years, research on the oxidative metab-
olism of phthalates, which initially was largely limited
to DEHP and di-n-octyl phthalate, two phthalates
with a defined chemical composition (Anderson ez al.
2001; Koch er al. 2004a, 2005b; Preuss et al. 2005;
Silva er al. 2005, 2006b; Calafat ez al. 2006), has
made considerable progress. As a result of this
research, detailed toxicokinetic data exist on rodent
and human metabolism, including metabolic conver-
sion factors, distribution and elimination Kkinetics,
and interspecies comparisons. However, most high-
molecular weight phthalates are complex mixtures of
isomers (e.g. DINP, DiDP); their composition varies
depending on the nature of the mixture of alcohols
used for their synthesis, which, in turn, may vary
depending upon the manufacturers or the manufac-
turing process. Thus, metabolism of isomeric
high-molecular weight phthalates will result in multiple
hydrolytic and oxidative monoesters. Recent research
has focused on identifying and characterizing major
isomers of these isomeric phthalates to derive suitable
oxidative metabolites for biomonitoring (Calafat et al.
2006; Silva et al. 2006a; Kato et al. 2007; Koch &
Angerer 2007). Using custom synthesized reference
standards of specific oxidized metabolites of DiNP
and DiDP, we are now able to assess human exposure
to these phthalates (Calafat er al. 2006; Silva ez al.
2006a; Kato er al. 2007; Koch & Angerer 2007;
Wittassek & Angerer 2008). Table 1 summarizes
selected phthalates and their respective metabolites
(as biomarkers of exposure) that are currently being
investigated in human biomonitoring studies.

Almost all phthalate diesters and metabolites are
available both in their native as well as isotopically
labelled (i.e. dy, >Cg or '>C,) standards for reliable
and state-of-the-art-trace analysis. As with BPA, iso-
topically labelled phthalate diester and metabolite
standards are instrumental in metabolism experiments
using mass spectrometry detection to exclude the
omnipresent phthalate background exposure. Unless
the monoesters are isotopically labelled, in blood and
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Table 1. Primary (hydrolytic monoester) and secondary (oxidized monoester) phthalate metabolites used as reference
standards in biological monitoring studies to quantify external exposure to the respective parent phthalates.?

low-molecular
weight phthalates

primary metabolite =~ secondary metabolite
parent phthalate (hydrolytic monoester) (oxidized monoester)

Dimethyl phthalate (DMP)
0
o
0
[}

Diethyl phthalate (DEFP)
(]

D~
N
0o

Di-cyclohexyl phthalate
(DCHP)

DOO
O

Di-n-pentyl phthalate (DnPeP)
o

Mono-methyl phthalate (MMP)

0~
0

OH
Mono-ethyl phihalate (MEP)
0
o™
0
OH

Mono-cyclohexyl phthalate
(MCHP)

1,0

Mono-n-pentyl phthalate
(MnPeP)
[+]

n.a.

na.

n.a.

high-molecular
weight phthalates

parent phthalate

Di2-ethylhexyl) phthalate
(DEHP)

e
0T

primary metabolite
(hydrolytic monoester)

Mono(2-ethylhexyl) phthalate
(MEHP

o™

OH

secondary metabolite
(oxidized monoester)

50H-Mono(2-ethylhexyl) phthalate
(SOH-MEHP or MEHHP)

[+] OH
0
0

OH

5ox0-Mono(2-ethylhexyl) phthalate
(50x0-MEHP or MEOHP)

[+] 0
0
0
OH

Scarboxy- Mono(2-ethylhexyl)
phthalate (5¢x-MEPP or MECPP)

]
o OH
0 0
OH

T
O~

Butyl-benzyl phthalate (BBzP)

@EE‘J@

07T
OH
o
Mono-benzyl phthalate (MBzP)  n.a.

@j}ﬂs‘@

Mono-iso-butyl phthalate
(MiBP)

[+]
@ipl/ @i o ©¢ y
5 0 Oﬁ)
0
T \/l\ o
OH %
Di-n-butyl phthalate (DnBF)

0
0~ NN 0 OH
O~ 0 (C)io’\)\

o 0

OH

O~
Q

Di-iso-buty! phthalate (DiBP) 30H-Mono-methylpropyl phthalate

(OH-MiBP)

Mono-n-butyl phthalate (MnBP)
[¢] MnBP)

30H-Mono-n-buty! phthalate (OH-

OH

3carboxy-Mono-propyl phthalate
(3cx-MiBP or MCPP)

OH
CORS

OH

Di-n-octyl phthalate (DnOP) Mono-n-octyl phthalate (MnOP) 3ex-MiBP or MCPP
[+] 0
[ g P N 07T TN
O OH
o} o

Di-iso-nonyi phthalate (DINP)®  Mono-iso-nonyl phthalate

(MINPY
@if\,\‘l’p ©¢M

70H-Mono-methyloctyl phthalate
(OH-MINP or MHINP)

Q oH
a/\/\l/\)\
0
oH

Toxo-Mono-methyloctyl phthalate
(oxo-MiNP or MOINP)

Q 0
o’\/\r\/l'k
0

OH

7carboxy-Mono-methylheptyl
phthalate (cx-MiNP or MCIOP)
[+]

oY

OH

60OH-Mono-propylheptyl phthalate
(OH-MPHP, OH-MIDP or MHIDP)

o

o

OH OH
]

6Boxo-Mono-propylheptylphthalate
(oxo-MPHP, oxo-MiDP or MOIDP)

[}

0

oH 0
[}

Mono(2,7-methyl-7-carboxyheptyl)
phthalate (cx-MiDP, MCiNP; mono-
carboxyisooctyl phthalate)

0
O,\r\,\)\n,nﬂ
0 0

oH

Mono-iso-decyl phthalate”
(MIDP or MPHP)

ol

Di-iso-decy! phthalate (DiDP)"
and Dipropylheptyl phthalate
(DPHP)

o

#BBzP, DiBP, DnBP, DPeP, DEHP and DiNP show endocrine disrupting/modulating potency in rodent studies (Gray & Gangolli 1986;

Gray et al. 2000; Borch et al. 2006; Howdeshell ez al. 2007).
®Only one of a number of possible isomers is shown as an example.

matrices other than urine, the concentrations of
hydrolytic monoesters even though they can be
determined accurately may include an unknown con-
tribution from hydrolysis of contaminant phthalates
by endogenous esterases (Kato er al. 2003, 2006;
Calafat ez al. 2004b; Mose et al. 2007). Therefore,
the use of (unlabelled) hydrolytic monoesters as bio-
markers of exposure in blood (also umbilical cord
blood, placental tissue, mother’s milk, amniotic fluid,
meconium, saliva) generally should be avoided. This
is particularly important when using archived speci-
mens because details of the collection procedure (to
ensure the absence of external contamination) may
be unknown and treatment of the matrix with acid at
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the time of sample collection (to quench the enzymatic
activity) may not have been feasible or recommended
because, for example, of safety concerns. In these
cases, biomonitoring results based on hydrolytic
phthalate monoesters data have to be interpreted
with caution or should, when possible, be verified
with studies based on isotope labelled standards.

4. BIOMONITORING PROGRAMMES

Biomonitoring programmes are useful for investigating
human exposure to phthalates and BPA, among other
chemicals. One of these programmes, NHANES, is
conducted annually in the United States by the
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Centers for Disease Control and Prevention and is
designed to collect data on the health and nutritional
status of the non-institutionalized, civilian US popu-
lation (CDC 2003). The survey includes a physical
examination, collecting a detailed medical history
and collecting biological specimens (i.e. blood from
participants 1 year of age or older and urine from par-
ticipants > 6 years old). Although biological specimens
are used mostly for clinical and nutritional testing,
some can be used to assess exposure to environmental
chemicals. Data estimates from NHANES are prob-
ability based, and are representative of the US
population. Therefore, NHANES data can be used
to establish reference ranges for selected chemicals,
provide exposure data for risk assessment (e.g. set
intervention and research priorities, evaluate effective-
ness of public health measures) and monitor exposure
trends. Reference ranges can be used to assist epide-
miologic investigations, to correlate the levels to
other NHANES parameters/measurements (including
potential health effects), and to identify (i) populations
with the highest exposures, (ii) potential sources/
routes of exposure, and (iii) chemicals with highest
prevalence/frequency (Pirkle er al. 1995).

The German Environmental Surveys (GerESs),
large-scale representative population studies for asses-
sing the exposure of the German general population to
environmental chemicals (e.g. lead, mercury, penta-
chlorophenol, PAHs, cotinine), have been conducted
since the mid-1980s using questionnaires, human
biomonitoring and both indoor and outdoor environ-
mental samplings (http:/www.umweltbundesamt.de/
survey-e/index.htm). While previous surveys focused
mostly on adults’ exposures, the ongoing GerES IV
provides biomontioring data on children between 3
and 14 years of age. GerES IV is conducted in
cooperation with the National Health Survey for
Children and Adolescents by the Robert Koch
Institute. Using data of the environmental and health
surveys, it is possible to evaluate relations between
environmental conditions and children’s health. In
addition, the GerES IV study design also enables the
direct comparison between ambient, biomonitoring
and questionnaire data.

Even these comprehensive programmes have limit-
ations: persons under 1 (NHANES) or 3 (GerES)
years of age and older than 60 (NHANES) or 79
(GerES) years of age are not included for biomonitoring
assessments, and no data are collected on foetal
exposures. Therefore, a pressing need exists for assessing
exposure during critical periods of development, a
period of increased susceptibility to the potential adverse
effects of environmental chemicals. Furthermore, these
surveys, by design, are cross-sectional and do not inten-
tionally include population groups that might be highly
exposed to various point sources and could be examined
to evaluate possible associations between high exposures
and adverse health effects.

5. DATA ON INTERNAL EXPOSURES

(BODY BURDEN)

Since the late 1990s, there have been numerous
reports suggesting that exposure to phthalates among
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the general population around the globe is widespread
(Blount ez al. 2000; Brock ez al. 2002; Koch ez al.
200356, 2004b, 2005¢; Becker et al. 2004; Silva et al.
2004; CDC 2005, 2008; Jonsson et al. 2005; Swan
et al. 2005; Hauser er al. 2006; Adibi er al. 2008;
Hogberg et al. 2008; Sathyanarayana et al. 2008).
Differences in exposure, as reflected by the concen-
trations of phthalate metabolites (mostly in urine),
are evident both based on geographic and demo-
graphic variables.

For example, in a subset of samples collected for the
GerES 1V pilot study, younger children showed signifi-
cantly higher internal exposures to the DEHP, DBP
and BBzP metabolites than older children (Becker
et al. 2004; Koch ez al. 2007). Moreover, house dust
concentrations of DEHP from the children’s homes
and urine DEHP metabolite concentrations were not
correlated. Also, urinary DEHP metabolite concen-
trations among children from households with PVC
wall coverings or floorings were not significantly differ-
ent from those among other children (Becker er al.
2004). These data suggest that neither phthalate plas-
ticized PVC material in the children’s surroundings
nor the actual concentration of DEHP in household
dust (an often stated hypothesis) are the main contri-
butors to the DEHP body burden in children.
Foodstuff seems to be the major route of exposure to
DEHP and the other high-molecular weight phthalates
in adults. In a study involving 50 volunteers over
7 days, estimated DEHP intakes from the urinary con-
centrations correlated significantly with dietary DEHP
intake from the day before, and the dietary intake
calculated from food duplicates could quantitatively
explain the internal DEHP exposure (Fromme er al.
2007). Nevertheless, for the youngest children,
additional or specific phthalate exposure routes and
sources might be of importance due to children’s
behavioural patterns (e.g. crawling, mouthing
habits). For the low-molecular weight phthalates,
which can be found in personal-care products,
associations between product use and hydrolytic
monoester excretion both in children and adults have
been reported (Duty et al. 2005; Sathyanarayana
et al. 2008). Use of medications or nutritional sup-
plements containing DBP in the enteric coating can
also be a source of significant exposure (Hauser et al.
2004).

Interestingly, oxidative phthalate metabolism seems
to be slightly favoured in neonates and young children
compared with adults (Koch et al. 2006; Calafat &
Needham 2008). This finding warrants additional
research because the bioactivity of oxidized metabolites
remains unclear. For the analytical chemist, this finding
underlines the importance of measuring both hydrolytic
and oxidative monoester metabolites whenever possible;
for the biostatistician or epidemiologist, it stresses the
need to include all metabolites for an integral interpret-
ation; and for the toxicologist, it may shed light into
possible mechanism(s) and mode(s) of action. When
using phthalate metabolites to categorize human
exposures, the preferred approach is to include both
hydrolytic and oxidative monoester metabolites.

However, the wealth of biomonitoring data from
general population studies does not suggest significant
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intra- or inter-individual differences in the metabolism
of phthalates. The ratios of urinary concentrations of
hydrolytic and oxidative metabolites are highly stable
and comparable in all populations investigated.
Therefore, the variations observed among metabolites
of the same parent phthalate are probably more depen-
dent on the time of exposure and the differences in
elimination kinetics of the various metabolites than
in significant polymorphisms of metabolizing enzymes
(Koch ez al. 20006).

In table 2, we present a brief (and not comprehen-
sive) overview of biomonitoring urinary data on phtha-
late exposure in the United States and Germany. Our
intent is to illustrate the rapid progress in biomarker
development, point out potential differences in phtha-
late exposure in these two countries and also to discuss
possible temporal changes in exposure. Since Blount
et al. (2000) published their groundbreaking study
on levels of seven urinary monoester metabolites in
289 US adults, the phthalate metabolite spectrum
has steadily increased to up to 23 metabolites (as bio-
markers of exposure to 11 phthalates). Moreover, not
only the quantity but also the type of phthalate metab-
olites examined has evolved to include an increasing
number of oxidative monoester metabolites in addition
to the simple hydrolytic monoesters. Oxidative metab-
olites are of special importance for assessing exposure
to the high-molecular weight phthalates. As an
example, while NHANES data from 1999 to 2004
on the DiNP hydrolytic monoester mono-isononyl
phthalate suggested that exposure to DiNP was non-
existent (Silva er al. 2004; CDC 2005, 2008), the
oxidative monoesters data suggest widespread human
exposure both in the United States and Germany not
only to DINP but also DiDP (Silva er al. 2006c,
2007a; Wittassek & Angerer 2008). Oxidative metab-
olites of DnBP and DiBP, currently under investi-
gation, may be a valuable complement to the hydrolytic
monoesters, even though for these four carbon alkyl
chain phthalates the monoester represents the main
urinary metabolite (Silva ez al. 20075).

Important differences in study design (e.g. seasonal
versus throughout-the-year collection, first-morning
voids versus non-first-morning voids, convenience
sampling versus nationally representative sampling)
exist for the United States and German data presented
in table 2. Therefore, comparisons must be conducted
with caution. Nevertheless, these data suggest that
phthalate exposures are within the same order of mag-
nitude in the two countries, although some differences
in the exposure to certain phthalates may exist. For
example, exposure to DEP and BBzP appears to be
somewhat higher in the United States than in
Germany, while exposure to DiBP is higher in
Germany. Furthermore, in the United States the
levels of exposure appear to be rather similar during
the time window investigated (1999-2004). By con-
trast, in Germany, DEHP, DnBP and BBzP exposures
seem to be declining, while DiNP exposure appears to
be on the rise. These latter observations are in agree-
ment with recent developments in Europe regarding
toxic labelling and use restrictions for some phthalates,
and with a rapid shift in production volumes of various
phthalates (e.g. decreased production of DEHP and
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increased production of DIiNP and DiDP/DPHP)
(EU 2004, 2005, 2006; Helm 2007).

Like for the phthalates, in the last decade, data on the
urinary concentrations of BPA in selected populations of
various countries, including NHANES in the United
States, have become available (Ouchi & Watanabe
2002; Kim ez al. 2003; Matsumoto ez al. 2003; Yang
et al. 2003; Arakawa et al. 2004; Calafat er al. 2005;
Liu ez al. 2005; Volkel ez al. 2005; Miyamoto & Kotake
2006; Yang er al. 2006; N'TP 2008; Vandenberg er al.
2007; Wolff er al. 2007; Dekant & Voelkel 2008).
These data suggest that human exposure to BPA is
widespread (NTP 2008 and references therein), but
the urinary concentrations of BPA measured in several
populations show some variation. BPA was detected
in about 93 per cent of the samples collected from
NHANES 2003-2004 participants >6 years of age;
the geometric mean and 95th percentile concentra-
tions were 2.6 ;Lgrl (2.6 pg(g creatinine) ') and
159 pgl™ ! (11.2 pg(g creatinine) '), respectively
(Calafat er al. 2008). BPA-glucuronide was detected in
all samples collected from 48 female Japanese college
students; the median concentration was 1.2 pgl !
0.77 ng (g creatinine) ') (Ouchi & Watanabe 2002).
By contrast, concentrations of BPA in 7 males and 12
females in Germany were <1.14 ugl ' (Volkel ez al.
2005), whereas the geometric mean concentration of
BPA in a group of 73 adult Koreans was 9.54 pgl~!
(8.91 pg (g creatinine) ') (Yang er al. 2003).
Differences in the exposure to BPA may exist geographi-
cally, but the differences could also be caused, at least in
part, by differences in study design.

In summary, NHANES, GerES and biomonitoring
data from other studies suggest that exposure to both
BPA and phthalates is widespread although important
differences across selected demographic groups exist.
Of interest, young children have higher concentrations
of most phthalate metabolites (except monoethyl
phthalate) and BPA than adolescents and adults
(Koch er al. 20036, 2007; Silva et al. 2004; CDC
2005, 2008; Wittassek er al. 2007a; Calafat er al.
2008). This finding can be explained by the children’s
higher food consumption or air inhalation, or both, in
relation to their weight than those of adolescents or
adults. The differences also could relate to differences
in exposure pathways or in absorption, distribution,
metabolism or excretion of these environmental
chemicals. All these biomonitoring findings highlight
the need for additional research to identify the sources
and routes of exposure to BPA and phthalates and
the need for epidemiologic studies to target health
outcomes, especially in susceptible populations (e.g.
children, pregnant women).

6. ESTIMATING DAILY INTAKES

Historically, calculations of exposure estimates for
phthalates and BPA were generally indirect (i.e. rely-
ing on surveys of product use, measuring the
concentrations of these chemicals in various media,
estimating human contact and pharmacokinetic
assumptions based on animal data). With the advent
of biomonitoring, direct methods using urinary
concentrations of BPA or phthalate metabolites as
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Table 2. Selected biomonitoring data on phthalate exposure in the United States and Germany (median (95th percentile); concentrations are reported in pg 171).

study Silva ez al. (2004)* CDC (2005)* Silva et al. (2006¢, 2007a,b) Becker ez al. (2004); Wittassek ez al. (20075) unpublished data
Koch ez al. (2007b)
sample origin NHANES NHANES NHANES GerES ESBHum Germany
n 2541 2782 2605/129 254 60 45
age >6 years >6 years >6 years®; DiDP 3—14 years 20-29 years adults
and DiNP: adults
urine spot spot spot first morning 24h first morning
sampling year 1999-2000 2001-2002 2003-2004 2001-2002 2003 2007
DiDP/DPHP OH-MiDP — — 4.9 (70.6) — — 1.0 (4.0)
oxo-MiDP — — 1.2 (15.0) — — 0.2 (1.1)
cx-MiDP — — 4.4 (104.4) — — 0.7 (2.6)
MiDP — — <LOQ (<LOQ) - — -
DINP OH-MiNP — —_ 13.2 (43.7) — 2.3 (13.3) 4.7 (16.8)
oxo-MiNP — — 1.2 (6.6) — 1.6 (10.4) 1.7 (6.7)
cx-MiNP — — 8.4 (46.2) — — 5.3 (15.5)
MINP <LOQ (3.5) <LOQ (<LOQ) <LOQ (<LOQ)® — — <LOQ (<LOQ)
DEHP 50H-MEHP — 20.1 (192) 21.1 (266)° 52.1 (188) 13.4 (38.8) 13.9 (42.9)
50x0o-MEHP — 14.0 (120) 14.4 (157)° 41.4 (139) 12.2 (34.9) 8.2 (21.5)
5cx-MEPP — — 33.0 (337)° — 17.5 (60.6) 11.5 (35.0)
MEHP 3.2 (23.8) 4.1 (38.9) 1.9 (31.0)° 7.2 (29.7) 4.6 (25.2) 1.8 (8.5)
DnOP MnOP <LOQ (2.9) <LOQ (<LOQ) <LOQ (<LOQ)® <LOQ (<LOQ) — <LOQ (<LOQ)
DnBP MnBP 26.0 (149) 20.4 (108) 23.2 (121)° 166 (624) 50.8 (161) 12.6 (43.5)
30H-MnBP — — — — — 1.8 (4.5)
MCPP — 3.0 (14.6) 3.1 (15.2)° — — 0.7 (3.1)
DiBP MiBP — 2.6 (17.9) 4.1 (21.3)° — 30.4 (124) 22.4 (101)
OH-MiBP — — — — — 13.8 (62.4)
DcHP McHP <LOQ (1.0) <LOQ (0.4) <LOQ (0.2)° — — <LOQ (<LOQ)
BBzP MBzP 15.3 (103) 15.7 (122) 14.3 (101)° 18.8 (123) 5.9 (24.8) 2.5 (8.4)
DPeP MPeP — — — — — < LOQ (0.3)
DEP MEP 164 (2840) 169 (2500) 174 (2660)° — — 77.5 (396)
DMP MMP — 1.5 (9.8) 1.2 (16.3)® — — <LOQ (17.2)

2CDC Third National Report on Human Exposure to Environmental Chemicals.
®National Health and Nutrition Examination Survey. 2003—2004 Laboratory Files. Lab 24 Urinary Phthalates. See http:/www.cdc.gov/nchs/about/major/nhanes/nhanes2003-2004/1ab03_04.htm (accessed 12

February 2008).
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Table 3. Excretion fractions® (f,.) of phthalate metabolites in human urine related to the ingested amount of the parent

phthalate determined 24 h after oral application.

phthalate diester phthalate metabolite Jue reference
DEP MEP 69%° Anderson ez al. (2001)
DnBP MnBP 69% Anderson et al. (2001)
DiBP MiBP 69%?° Anderson ez al. (2001)
BBzP MBzP 73% Anderson ez al. (2001)
DEHP MEHP 5.9% sum: 62.7%4 Koch et al. (2004a, 2005b)
50H-MEHP 23.3%
50xo-MEHP 15.0%
5cx-MEPP 18.5%
DiNP MiNP 2.1% sum: 39.6%¢ Koch & Angerer (2007)
OH-MiINP 18.4%
oxo-MiNP 10.0%
cx-MiNP 9.1%
DiDP/DPHP OH-MiDP n.a. sum: 34%%9 Wittassek & Angerer (2008)
oxo-MiDP n.a.
cx-MiDP n.a.

*The excretion fractions must not be confused with the total percentage of the applied dose excreted in urine. Because additional
metabolites besides the investigated ones are excreted and excretion is not fully completed after 24 h, the total percentage of the applied
dose excreted in urine is always higher than the corresponding excretion fraction (f,.) for each metabolite.

®No excretion factor available; factor determined for MnBP.

Significant amounts of oxidized metabolites are, due to their longer half-lives of elimination, still excreted on the second day after
exposure, which are not included in this percentage of renally excreted dose.

d0Oxidative metabolites with more than one oxidative modification and breakdown products by B-oxidation have been described previously
(Silva et al. 2006¢,d, 2007a), which are not included in this percentage of renally excreted dose.

biomarkers of exposure are routine. These methods
may provide the most accurate assessments because
biomonitoring data represent an integrative measure
of exposure from multiple sources and routes.

The average concentrations of BPA in selected popu-
lations worldwide are quite similar (i.e. in the low
pgl™! range for the sum of free plus conjugated
(total) species of BPA), although some variability
exists (CERHR 2007; Vandenberg er al. 2007; Calafat
et al. 2008; Dekant & Voelkel 2008). From these urin-
ary data, estimated mean exposures are in the range of
0.01-0.05 wg kg ' d~! for adults and somewhat higher
(~0.07 pgkg 'd™!) for children (CERHR 2007;
Dekant & Voelkel 2008); estimated worst-case ex-
posures for adults are 0.1-0.13 pgkg ' d~' (Dekant
& Voelkel 2008). Indirect estimates of mean exposure
to BPA range from <1 to ~10 pgkg ' d~! (CERHR
2007). This comparison suggests that both indirect
and biomarker-based methods produced BPA mean
estimates below the current US EPA reference dose
(RfD) and the European Union TDI (both
50 wg kg ' d!). Biomonitoring data are unavailable
for infants. However, for children 6 years of age or
older, NHANES 2003—-2004 data suggest that ambient
exposures to BPA, although about three times higher
than for adults, are lower than the RfD and TDI.

An integral part of daily intake estimation based on
phthalates biomonitoring data is the need for reliable
urinary excretion fractions (f,.) for each metabolite.
The f,. are related to the ingested amount of the
parent phthalate over 24 h after oral application
(table 3). For these calculations, the extrapolation
from using urinary concentration data collected from
one spot urine sample to reflect the 24 h exposure has
the highest uncertainty, although all proposed
approaches to account for this fact (e.g. urine volume
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or creatinine correction) produce similar results (David
2000; Kohn er al. 2000; Koch et al. 2003a, 2007;
Wittassek & Angerer 2008). Furthermore, dose calcu-
lations based on spot urine samples and on 24 h urine
samples produced very comparable results (Wittassek
et al. 2007a). Additional factors must be considered
for children to account for their fast growth (Remer
et al. 2002; Koch et al. 2007; Wittassek ez al. 2007a).
First daily intake calculations based on urinary
phthalate monoester data by Blount er al. (2000)
were performed by David (2000) and Kohn et al.
(2000). In table 4, we present a selection of phthalate
daily intake calculations for the general US and
German population based on phthalate metabolite
concentrations. In all these cases, the mean/median
exposures for the general population were in the
same range as exposures estimated from ambient
data (Clark ez al. 2003), and below levels determined
to be safe for daily exposures (RfD and TDI).
However, the upper percentiles of DBP and DEHP
urinary metabolite concentrations suggested that for
some people, these daily phthalate intakes might be
substantially higher than previously assumed and
even close to or exceeding the RfD and TDI (David
2000; Kohn er al. 2000; Koch ez al. 2003a).
Furthermore, special situations including using DBP-
containing medications (Hauser et al. 2004), platelet
donation (Koch ez al. 2005a) or intensive medical
interventions (Calafat ez al. 2004a; Koch et al. 2006;
Weuve er al. 2006) can result in daily intakes that
exceed the RfD or TDI for long periods of time and/
or are close to levels where first toxic effects have
been observed in animals. The toxicological signifi-
cance of reaching the RfD and/or TDI of multiple
phthalate exposures among susceptible subpopu-
lations (e.g. children, pregnant women), of the time
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Table 4. Daily intakes (g (kg body weight) ' d™!) of phthalates for the German and US American general population deduced from urinary metabolite concentrations; values are
median (95th percentile) (maximum).

study

country of origin
sample origin
sampling year
urine

n

age (years)

Marsee et al. (2006)

USA

pregnant women, SFF II°

1999-2002
spot

214

n.a.

Kohn et al. (2000)?

USA
NHANES III
1988-1994
spot

289

20-60

Koch ez al. (2003a)

Germany

general population
2002

first morning

85

7-63

Wittassek ez al. (2007a)b;
Koch et al. (2007)°

Germany
GerES IV
2001-2002
first morning
239

2-14

Wittassek et al. (2007b)

Germany
ESBHum*
1988-2003
24h

632

20-29¢

DEP
BBzP
DnBP
DiBP
DEHP
DiNP

6.64 (112) (1260)
0.5 (2.47) (15.53)
0.84 (2.33) (5.86)
0.12 (0.41) (2.90)
1.32 (9.32) (41.1)'

12 (110) (320)
0.88 (4.0) (29)
1.5 (7.2) (110)®
;71 (3.6) (46)
<LOD (1.7) (22)

2.32 (22.1) (69.3)
0.6 (2.5) (4.5)
5.22 (16.2) (22.6)

4.6 (17.0) (58.2)

0.42 (2.67) (13.9)
4.07 (14.9) (76.4)

4.3 (15.2) (140)

0.26 (1.6) (27.3)
4.1 (19.1) (116)

1.4 (5.7) (29.0)
3.5 (10.1) (39.8)
0.29 (1.7) (20.2)%

800
200
100

20

TDI®

500

10

50
150

“Based on the same biomonitoring data by Blount ez al. (2000), David (2000) used a slightly different calculation model with very similar results.
®Of the two calculation models used, the creatinine model was chosen for purpose of comparison, the volume model data (not shown) gave higher values by a factor of approximately 2.

°Study for Future Families, a multicenter pregnancy cohort study.
9Taken from the German Environmental Specimen Bank for Human Tissues. The German ESB is an archive of environmental specimens from representative ecosystems as well as humans for monitoring
and evaluating the general quality of the environment as well as the body load with chemicals in selected human populations in Germany.

°Students only.

fReference dose, US EPA (EPA 1990, 1993a,b,c).

€Tolerable daily intake, European Food Safety Authority (EFSA 2005).
"Sum of DnBP and DiBP.
'‘Based on MEHP only. Based on the secondary metabolites, DEHP intakes were as follows: 1.7 (10.7) (144).
'Based on the hydrolytic monoester and the three oxidized metabolites, metabolic conversion factors adopted from (Koch ez al. 20055).
kBased on three oxidized metabolites.
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when these high exposures occurred (e.g. prenatal
exposures) and of co-exposures to other EDCs
remains unclear and warrants further investigation
(Hotchkiss er al. 2004; Carruthers & Foster 2005;
Foster 2006; Gray er al. 2006; Howdeshell er al.
2007; Rider er al. 2008).

7. RISK ASSESSMENT BASED ON
BIOMONITORING DATA

Daily intake calculations based on biomonitoring
data allow the comparison of individual (or group)
exposures with doses determined to be harmful in
toxicological studies. More importantly, although
estimated including some assumptions (e.g. daily urine
volume or creatinine excretion, uniform metabolism),
these dose calculations reflect real exposures rather
than exposure hypothetically possible based on environ-
mental or questionnaire information. Therefore,
biomonitoring-based intake estimates complement
intake estimates based on ambient monitoring or on
model calculations, which are often either based on
worst-case assumptions or on limited knowledge of the
variety or extent of external exposure pathways
(Wormuth ez al. 2006).

Another approach in terms of using biomonitoring
data for risk assessment is to directly or retrospectively
correlate internal exposures with biological or health
effects. The reported associations between urinary
concentrations of some phthalate metabolites and
anogenital distance, as a measure of certain biological
outcomes, suggested for the first time that subtle
detrimental effects of phthalate exposure might be
observed among the general population (Swan er al.
2005). However, these preliminary study results need
confirmation on larger populations (Swan er al
2005, 2006; Swan 2008; Mcewen & Renner 2006).

It is out of the scope of this review to engage into the
ongoing scientific debate around the interpretation of
the evidence from toxicological studies related to poten-
tial low-dose effects of BPA (NTP 2001; EU 2003;
Gray er al. 2004; vom Saal & Hughes 2005;
Goodman etz al. 2006) or the discussion on the cumulat-
ive toxicity of phthalates among each other and in
combination with other endocrine disruptors (Hotchkiss
et al. 2004; Gray et al. 2006; Howdeshell ez al. 2007;
Rider er al. 2008). Nevertheless, we hope that this over-
view can be used to promote research in the various
fields of environmental medicine to better understand
the toxicological evaluation of exposures to phthalates
and BPA on an individual and a population basis (see
also discussions in Talsness ez al. (2009) and Meeker
et al. (2009)).

8. CONCLUSIONS

Although phthalates and BPA have been in commerce
for decades, human studies using biomonitoring are
relatively recent (e.g. conducted within the last 5-10
years). Further epidemiologic studies are needed
to advance our understanding of potential human
health risks of phthalates and BPA; these studies
could include the examination of subtle changes in
humans (e.g. anogenital distance) when assessing the
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effects of environmental exposures to these com-
pounds. Studies also are needed to identify the phtha-
late metabolites and BPA species relevant to human
health, paying special attention to potentially vulner-
able segments of the population (e.g. children,
women of reproductive age, minorities). Additional
research to identify the relative contributions of the
numerous sources and routes by which humans are
exposed to these compounds is needed, so measures
to reduce exposure, if necessary, can be implemented.

Disclaimer: The findings and conclusions in this report are
those of the authors and do not necessarily represent the
views of the Centers for Disease Control and Prevention.

ENDNOTE

'The term ‘biological monitoring’ or ‘biomonitoring’ encompasses
biomonitoring of exposure, effect and susceptibility within the
exposure—disease continuum (Angerer & Weiss 2002; Weis et al.
2005). In this paper, biomonitoring always refers to biomonitoring
of exposure.
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