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What Are the Sources of Exposure to Eight Frequently Used
Phthalic Acid Esters in Europeans?
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1. INTRODUCTION

Recent screening studies in industrialized coun-
tries for contaminants in human urine samples have

revealed the population’s

various plasticizers, the group of phthalic acid diesters
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Phthalic acid esters (phthalates) are used as plasticizers in numerous consumer products, com-
modities, and building materials. Consequently, phthalates are found in human residential and
occupational environments in high concentrations, both in air and in dust. Phthalates are also
ubiquitous food and environmental contaminants. An increasing number of studies sampling
human urine reveal the ubiquitous phthalate exposure of consumers in industrialized countries.
At the same time, recent toxicological studies have demonstrated the potential of the most im-
portant phthalates to disturb the human hormonal system and human sexual development and
reproduction. Additionally, phthalates are suspected to trigger asthma and dermal diseases in
children. To find the important sources of phthalates in Europeans, a scenario-based approach
is applied here. Scenarios representing realistic exposure situations are generated to calculate
the age-specific range in daily consumer exposure to eight phthalates. The scenarios demon-
strate that exposure of infant and adult consumers is caused by different sources in many cases.
Infant consumers experience significantly higher daily exposure to phthalates in relation to
their body weight than older consumers. The use of consumer products and different indoor
sources dominate the exposure to dimethyl, diethyl, benzylbutyl, diisononyl, and diisodecyl
phthalates, whereas food has a major influence on the exposure to diisobutyl, dibutyl, and
di-2-ethylhexyl phthalates. The scenario-based approach chosen in the present study provides
a link between the knowledge on emission sources of phthalates and the concentrations of
phthalate metabolites found in human urine.

KEY WORDS: Consumer exposure; consumer products; exposure modeling; exposure pathways; phtha-
lates; plasticizers

(phthalates).('"® The presence of phthalate metabo-
lites in the human body requires identification of the
dominating sources of exposure as well as of the path-
ways causing this exposure. Several million tons of ph-
thalates are used per year worldwide in the production
of soft polyvinyl chloride (PVC) and other plastics
that are contained in many consumer products.®-11
Phthalates are not chemically bound to the products
and are released continuously into the air or leach
from the products.1213) As a consequence, phthalates

ubiquitous exposure to
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Chemical and Bioengineering, Swiss Federal Institute of Tech-
nology Zurich, ETH Honggerberg, HCI G127, 8093 Zurich,
Switzerland; tel: +41-44-6323062; fax: +41-44-6321189; martin.
scheringer@chem.ethz.ch.

contaminate indoor environments!“'?) and human
food(13-2%) and belong to the ubiquitous environmen-
tal contaminants today.**3% The most important
plasticizers are di-2-ethylhexyl phthalate (DEHP),
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Molecular  Tolerable Daily Intakes
Abbreviation  Ester Groups Formula  CAS No. Weight (TDIs) in pug/kg bw/day
DMP Dimethyl CioHy9O4  131-11-3 194.2 n.a.
DEP Diethyl C;pH 1404  84-66-2 2222 10,000%(122)
DiBP Diisobutyl CigH2O4  84-69-5 278.4 10007)
DnBP Di-n-butyl Ci6H2204  84-74-2 278.4 10007 Table 1. Phthalates Investigated
BBzP Butylbenzyl CioHzO4  85-68-7 3124 85007 in the Present Study
DEHP Di-(2-ethylhexyl) Cp4H3sO4 117-81-7 390.6 5007
DINP Diisononyl CreHspO4 28553-12-0 418.6 15007

68515-48-0 (418.6-432.6)

DIDP Diisodecyl CosHysO4 26761-40-0 446.7 25007)

68515-49-1 (432.7-446.7)

*TDI deduced from NOAEL by applying an extrapolation factor of 100.

diisononyl phthalate (DINP), and diisodecyl phtha-
late (DIDP), which made up more than 75% of the
total European phthalate consumption of more than
1 million tons in 2003.G%) Other important phthalates
investigated in the present study are dimethyl ph-
thalate (DMP), diethyl phthalate (DEP), diisobutyl
phthalate (DiBP), di-n-butyl phthalate (DnBP), and
butylbenzyl phthalate (BBzP) (Table I).

The ubiquitous exposure to phthalates might be
critical because toxicological studies have demon-
strated considerable adverse effects of phthalates and
their metabolites to human health. DEHP, DINP,
DIDP, BBzP, DnBP, and DiBP are reproductive tox-
icants affecting mainly the male reproductive system
in mammals.®’#) DEHP shortens the duration of hu-
man pregnancy®? and disrupts or modulates the hu-
man endocrine system.*3#0) Increased exposure to
DEP is correlated with a decrease in human sperm
quality.*>#7) Recently, high dust concentrations of
DEHP were associated with an increased asthma risk
in children, while high dust concentrations of BBzP
were associated with an increased incidence of rhinitis
and eczema in children.®%

Phthalates entering the human body are rapidly
hydrolyzed to the monoesters and then further me-
tabolized and excreted with urine and feces.'-3% The
screening for phthalate metabolites in human urine is
therefore a promising method to study human expo-
sure to the mother compounds. Most urine screening
studies in the past relied on phthalate monoesters.(®)
For phthalates with short alkyl chains, monoesters
represent the major human metabolites. However, in
the case of DEHP, DINP, and DIDP, the monoesters
are further metabolized. Consequently, exposure es-
timates based on urinary monoester concentrations

alone might underestimate the population’s actual ex-
posure to these phthalates.(1:+6-5)

Urine screening studies in the year 2000 pre-
sented for the first time a comprehensive picture of the
population’s frequent and sometimes high exposure
to phthalates.®®) However, such studies showing the
ubiquitous exposure of consumers need to be comple-
mented by analyses of sources and pathways leading
to the observed exposure. The main objective of the
present work, hence, is to investigate in detail Euro-
pean consumers’ daily exposure to eight frequently
used phthalates—DMP, DEP, DiBP, DnBP, BBzP,
DEHP, DINP, and DIDP—and to give an insight into
the pathways of exposure (Fig. 1). To this end, the
scenario-based risk assessment approach (SceBRA)
is used.*® The usefulness of scenarios in exposure
analysis has been demonstrated in the assessment of
workplace exposure to chlorinated solvents®”) and
consumer exposure to musk fragrances.®® A broad
set of scenarios is generated in SceBRA that repre-
sents typical and realistic exposure situations for 15
different oral, dermal, and inhalation exposure path-
ways. Phthalate exposure occurring via these routes is
estimated for seven age and gender groups, including
infants, toddlers, children, teenagers, and adults. The
total consumer exposure to the eight phthalates is cal-
culated from the sum of single exposure estimates for
the 15 investigated pathways.

Only few other works have so far investigated
consumer exposure to phthalates via different path-
ways. Miiller et al.®”) used the EUSES model®” to
calculate point estimates of exposure via food and
air and basic scenarios to simulate product-related
exposure situations. These scenarios considered the
Danish population’s exposure from toys, baby food,
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sources contact media
— material-related
- building materials
- electronic devices
- furniture

indoor air, house dust, surfaces

— product-related
- application of cosmetics
- packaging
- application of paints, sprays, adhesives
- textiles
- drugs
- medical equipment

direct contact with product
food, beverages
indoor air, house dust, surfaces

(— industrial
- production, manufacturing
- effluents
- exhaust air
- packaging

outdoor air, surface waters, soils, dust
commodities

— agricultural
-insecticides outdoor air, surface waters, soils, dust
- pesticides food
- drugs
- technical equipment

— wastes
- landfills

outdoor air, surface waters, soils
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Fig. 1. Consumers are exposed to phthalates via different sources. Measurements of concentrations of phthalate metabolites in urine samples
have demonstrated the ubiquitous consumer exposure to these plasticizers.

indoor air and dust inhalation, plastic gloves, paints,
adhesives, and nail polish.

In the EU risk assessments that are available
for five phthalates, worst-case estimates for consumer
exposure are made on the basis of scenarios.(¢-6%)
However, the choice of exposure scenarios is not
clearly documented in the reports. The U.S. Center
for the Evaluation of Risks to Human Reproduction
(CERHR) has evaluated the risks to human repro-
duction posed by the most important phthalates.(©*-7%)
These evaluation reports include a general summary
of possible exposures of the general population.

Two Canadian exposure assessments for DEHP
and DnBPU17?) provide estimates of daily uptake of
the substances via air, drinking water, food, ingested
soil, and child care articles. They are supplemented by
a recent study on five phthalates using a probabilistic
assessment method.(”)

2. METHODS

The present work analyzes scenarios that reflect
oral, dermal, and inhalation pathways causing con-
sumer exposure to phthalates (Fig. 1). To cover all rel-
evant pathways, data from a variety of sources of dif-
ferent quality had to be used. For most input param-
eters, minimum, mean, and maximum values or 5th,
median, and 95th percentile values are determined,
depending on the quality of available data. For a few
parameters only point estimates are used. This section
gives information on the kind of data used to generate

input parameter values reported in this article, which
are necessary to calculate consumer exposure. The
set of equations needed in the exposure assessment is
shown in Table II.

Based on external exposure estimates, daily in-
ternal exposure to eight phthalates (ug/kg body-
weight/day) is calculated with organ- and situation-
specific uptake rates for seven age and gender groups:
infants (0-12 months, 5.5 kg bw); toddlers (1-3 years,
13 kg bw); children (4-10 years, 27 kg bw); female
adolescents (11-18 years, 57.5 kg bw); male adoles-
cents (11-18 years, 57.5 kg bw); female adults (18-
80 years, 60 kg bw); male adults (18-80 years,
70 kg bw).

2.1. Scenarios for Oral Exposure
2.1.1. Consumption of Food

Scenarios for food consumption are based on
amounts of edibles consumed daily, the fraction of
consumers eating these edibles regularly, and concen-
trations of phthalates measured in the edibles.

Amounts of edibles consumed daily and the frac-
tion of consumers eating them are determined from
food consumption surveys that used questionnaires
and diaries. The mean daily amount of food con-
sumed is calculated from European food surveys
for infants,"*79 toddlers,”’-7 children,”’-8) female
and male adolescents,(77:78:81-83) and female and male
adults®+30) (Table III).
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Table III. Amounts of Food Consumed Daily; Amounts of Ingested Soil, Dust, and Personal Care Products (g/day)

Female Teens Male Teens  Female Adults Male Adults

Mean CF  Mean CF  Mean CF  Mean CF

Infants Toddlers Children

Food Mean CF Mean CF Mean CF
Pasta, rice 17.0 0.070 25.0 0.654 242 0.589
Cereals 520 0580 217 0.727 181 0.689
Breakfast cereals
Bread 304  0.648 39.6 0.737 41.8 1.000
Biscuits, crispy bread 50 0175 152 0.872
Cakes, buns, puddings 21,5 0514 100 0466 259 0.879
Bakeries, snacks 22 0251 7.7 0.656 9.1 0.781
Milk, milk beverages 3863 0.645 3073 0902 276.5 0.987
Cream 2.5 0170
Ice cream 17.0 0.055 183 0579 178
Yogurt 38.0 0225 431 0.698 263 0485
Cheese 75 0375 5.6 0.572 7.6 0.574
Eggs 6.3 0.083 63 0.288 9.4 0412
Spreads 3.0 0.280
Animal fats 3.0 0.280 22 0.264 23  0.284
Vegetable oils 3.0 0.280 71 0394 103 0474
Meat, meat products 21.5 0290 273 0368 288
Sausage 26.0 0.033 9.5 0.448 9.0 0.484
Poultry 147  0.444 45 0.329 82 0.447
Fish 52 0.096 10.0 0.325 51
Vegetables 358 0478 561 0916 720 0.830
Potatoes 219 0390 548 0.783 534 0.927
Fruits 1173 0.659 91.6 0.841 1132 0.826
Nuts, nut spreads 1.5  0.069 1.5
Preserves, sugar 3.0 0.170 6.8 0.557 7.6  0.638
Confectionery 6.0 0130 133 0.633 309 0.719
Spices 5.1
Soups, sauces 1.7 0815
Juices 72.0 0.110 642 0380 592 0.400
Tea, coffee 33  0.035 14 0246 21 0335
Or coffee
Or tea
Soft drinks 16.7 0.100 450.0 0.670 416.1 0.825
Beer 1.9
Wine 1.0
Spirits 0.0
Tap water 2554 0.069
Bottled water 194.3
Commercial infant food 85.5 0.370
Infant formulas 485.0 0370 53.0 0500 13.6 0.116
Breast milk 336.0 0.115
Other media than food

House dust 0.05 1 0.05 1 0.01 1

Soil 0.06 1 0.06 1 0.06 1

PCPs 0.05 1 0.05 1 0.05 1

56.0  0.693 64.1 0.637 597 0869 746  0.863
236 0930 219 0890 255 0.753 293 0.750

58.1 0.500 746  0.460
87.5 0.993 1237 0980 948  0.903 130.3 0.898

15.1 0.680 213 0.630
314 0970 554 0980 386 0.860 459  0.842
80.7 0.817 102.7  0.883 87 0591 106  0.595

150.0 0.980 212.6 0.980 154.6 0.730 188.3 0.740
14.6 4.1 5.0 0.190 48 0.185
11.4 25.8 13.8 0329 152 0.324
52.0 39.2 422 0.651 36.0 0.596

51.8 1.000 77.6 0.990 31.8 0.927 341 0.937
9.7 0990 154 0990 254 0861 31.1 0.877
29.6 0.330 354 0.370

3.7 0.880 3.8 0.840 7.0 0794 165 0.789
211 0.437 265 0.410 13.6 0.799 17.6 0.811
68.0 1.000 76.4 1.000 88.5 0.948 117.1 0.949
15.3 0.880 29.4 0.940 348 0.855 427 0.864
13.5 23.6 37.0  0.825 595 0.874
22.9 0.940 30.8 0930 476  0.781 555 0.768
144.1 0.970 137.0 0910 187.3 0.998 1982 0.998

58.6 0.533  66.7 0.600  96.7 0.930 122.5 0.912
90.9 0.840 103.4 0.763 2234 0972 2205 0.967
4.8 0.542 6.1 0.522

3.9 8.8 112 0591 148 0.675
17.4 0.990 222 1.000 243 0.808 29.3 0.801
7.8 7.8 22.7 0.991 31.6 0.992
2.7 2.7 36.2 0.650 41.3 0.643

60.0 0.730  78.0 0.570  93.7 0.728 101.9 0.713
4.1 0.850 4.7 0.870

13.9 0.813 17.2 0.820

4.5 0.636 39 0.629

290.7 0.780 384.0 0.863 423.1 0.457 518.4 0.507

186.3 0.157 267.7 0.337 831 0.391 280.4 0.678

5.0 0.730 14.0 0.830  66.2 0.663 115.0 0.629

5.0 0.240  10.0 0.250 6.0 0320 103 0.428

346.4 346.4 461.1 0.918 4289 0.877

2722 27222 270.6  0.461 270.8 0.441
0.001 1 0.001 1 0.001 1 0.001 1
006 1 006 1 0.06 1 006 1
005 1 0.025 1 005 1 0.025 1

CF = fraction of the population regularly consuming the food.
Sources: See text.

Phthalate concentrations have been measured
in diverse edibles!®?? and in infant formula and
mother’s milk(1°2%87:8%) (the problem of sample con-
tamination during analysis generally has been ad-
dressed). The number of food quality studies over

the last decade from Europe is limited, so that
here reports from North America and Asia are also
considered. Minimal, mean, and maximal phthalate
concentrations in mg per kg food are determined
(Table IV).



1X3) 93§ §20241108

"POOJEas Ul paurejuod A[Uo s JI 9snedoq UMOYS Jou St JAIJ 2ION

Wormuth et al.

0 0 0 II'0 ¥€00 0 0 0 0 S00 <SI00 0 0 0 0 0 0 0 0 0 0 A s IO

0 0 0 <TC0 OIT'0 SLIO0 <2000 1000 0 ST0 8900 8000 0 0 0 0 0 o0 0 0 0 se[nuiIoy yuejuy
L60'0 8vSO'0 0 ¥9'T  €8C0 0 L100 ¥00°0 0 S00 €100 0 0 0 0 0 0 0 0 0 0 POOjjuBUI [EIDIWWOD)
0 0 0 €00 2I00 0 0 0 0 000 1000 0 0 0 0 0 0 o0 0 0 0 1o1em ponog

0 0 0 €00 2I00 0 0 0 0 000 1000 0 0 0 0 0 0 0 0 0 0 1o1em def,

0 0 0 €00 0000 0 1000 0 0 100 0 0 0 0 0 0 0 o0 0 0 0 syrdg

0 0 0 200 6000 0 2000 1000 0 990 8¥10 0 0 0 0 0 0 o0 0 0 0 QUIM

0 0 0 110 1¥00 0 0 0 0 L00 €200 0 0 0 0 0 0 0 0 0 0 1o0g

0 0 0 800 8100 0 1000 0 0 610 S000 0 0 0 0 0 0 o0 0 0 0 SYULIP 3JOS

0 0 0 100 8000 0 0 0 0 0 0 0 9000 9000 0 0 0 0 0 0 0 B3 10

0 0 0 100 8000 0 0 0 0 0 0 0 9000 9000 0 0 0 o0 0 0 0 991302 10

0 0 0 100 8000 0 0 0 0 0 0 0 9000 9000 0 0 0 o0 0 0 0 99JJ09 ‘eI,

0 0 0 900 0200 0 0 0 0 200 0 0 0 0 0 0 0 0 0 0 0 soomyf

0 0 0 000 0 0 0 0 0 0 0 0 0 0 0 0 o0 0 0 0 soones ‘sdnog

0 0 0 vLe 865C 000€T 0C9T LIVO 0 897CL ¢ov'L 086'v OV8T T1vS'O0 000100 0009%'0 SLO9TT'0 0  00LICTO 009500 O soo1dg

0 0 0 ¥9%v 8LTO ¥8LO0 LE£OO 0 0 68°L SLOO 0 6900 2100 0 095000 0 o0 0 0 0 A1auonpoyuo)

0 0 0 081 €290 0ve00 0 0 0 09T €090 0 0 0 0 00L00°0 0S€000 O 0 0 0 Te3ns ‘SOAT0S3I]

0 0 0 9861 0I80 0¢vI'0 1200 0 0 9¥'LT 8ITO €¥0'0 TETO SO0 0 0€€20'0 0SL000 0 001200 0 0 speaxds jnu ‘s;nN

0 0 0 2I'o 6900 0000 0 0 0 <00 8200 9100 ¢SO0 000 008000 0 0 0 0 0 0 SHNLY

0 0 0 800 900 0 0 0 0 0 0 0 <000 €000 0 006000 006000 O 0 0 0 $901810d

0 0 0 ¥I'0 OFro 0 0 0 0 €00 €£00 0 0 0 0 £9900°0 L99000 O 0 0 0 ECICLEERETN
Ge0'0 ¥0000 0 620 €100 €000 S00'0 <000 0 8¢0 8000 S00'0 SCO'0 1000 SIO000 T1S800°0 +SCOO0 O  8L9100 0€0000 O poOJeas ‘4siy
0 0 0 0L0 8IS0 0S8T0 0£0'0 SIOO 0 020 0010 0 0900 000 0 00010°0 005000 O 0 0 0 Anpnod
L00°0 0 0 SLO ¥90°0 08¢0'0 S00°0 0 0 LI'0  ¥00°0 1000 L2OO 0 0 0 0 0 0 0 0 sogesneg
1100 0 0 9.0 LOTO 8¥200 ¢LOO 0 0 IT'0 SL00 %200 €SO0 LOOO 0 09L10°0 0 o0 0 0 0 sponpoid jeowr JeaN
9v0°0 0 0 80T ¥O¥0 0 LSEO 0 0 880 0 0 £90°0 0200 0 $7600°0 005000 O 0 0 0 S[IO 9[qeIadoA
0 0 0 €8T LT 0€16'0 9S00 1100 0 610 9¥00 0 8700 0£0'0 00CIO'0 008100 006000 O 0 0 0 Siej [ewuy

0 0 0 090 TP0 0€8C0 0600 0SO0 0100 010 L90°0 ¥£0°0 0010 0S00 0 0 0 o0 0 0 0 speaxds 850 ‘357

0 0 0 €T 96’0 0I¥00 6£00 V100 0 0€0 9S00 0 0 0 0 00L00°0 €€2000 O 0 0 0 983D

0 0 0 600 1500 0 0 0 0 0 0 0 0 0 0 0 0 0 00S€00 L91100 O unysox

0 0 0 6£0 <TPC0 0S91°0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Wea1d 391

0 0 0 <T€0 ¥cC0 00810 0£0'0 S000 0 0L0 L£OO 0 0100 2000 0 0 0 o0 0 0 0 wearn

0 0 0 LT'O 0¥O0 S8000 0000 0 0 €00 <SI00 0 9100 0 0 000100 0 0 00800 0 0 $98BI9Aq N[IW Y[IA

0 0 0 oY ¥IT0 6000 0£S0 0 0 LT'T 1100 0 09C0 ¥#SI'0 008%¥0°0 0 0 o0 0 0 0 syoeus ‘sal1aeq

0 0 0 OI'l LPSO 0C0I'0 880°0 8200 0 2r0 010 0 0200 L000 0 0 0 0 0 0 0 ssutppnd ‘sunq ‘soye)

0 0 0 OI'lT LPSO 0C0I'0 880°0 8200 0 20 010 0 0200 L000 0 0 0 o0 0 0 0 peaIq Adsto ‘symostg

0 0 0 961 8900 19200 O0O¥¥0 0 0 €I'S T€00 LOOO TETO 0900 0 OFLI0'0 009000 O 0 0 0 pealgq

0 0 0 OLT ¥LS0 00L00 L10'0 SIO0 €100 OI'C S9S°0 ¥L00 0810 601°0 000100 000200 0S9000 O 0 0 0 S[B9132 Isepyeaig

0 0 0 OLT #LS0 00L00 LI0'0 SIO0 €100 OI'C S9S°0 ¥L00 0810 601°0 000100 000200 0S9000 O 0 0 0 S[eo19)

0 0 0 LT'O ZIO0 00000 S200 0 0 9¢0 0100 <2000 8SI'0 1200 0SI000 00L10°0 0 0 0 0 0 9011 ‘BISE]
XEJN UBOJN UIN XEJN UBON UL  XBJN UBON UM XBJN UBSJN UIN XBJN UBJN  UIA Xe[N  UBON UIN  XBJN UBOJN  UIA poog

dNIA dHAd dzda4d dqua d4g!da d4d dNd

808

suonEe[No[e)) OLIRUAOS 9} UI Pas() sk (8)/Sur) Sspoo,] snoLIeA UI SUOeNUadU0)) de[eiyd ‘Al dIqeL



Sources of Exposure to Phthalates in Europeans

2.1.2. Ingestion of Dust and Soil

Scenarios simulating the ingestion of dust and soil
combine amounts of dust and soil ingested daily with
concentrations of phthalates in these media.

Infants and toddlers are known to incidentally
ingest small amounts of dust and soil daily.®®-°D
Amounts are estimated on the basis of trace element
concentrations in human feces. Minimal, mean, and
maximal amounts of ingested dust and soil are cal-
culated from the available data (Table I1I). Here, it
is assumed that children ingest 16.7% and teenagers
and adults 1.1% of the amounts of dust ingested by
infants and toddlers.®9 In contrast, we assume that
all consumers ingest the same amounts of soil;®-1)
the phenomenon of pica children is not considered.

Phthalate concentrations in dust of European
homes have been frequently measured.(1>-17-92) The
diameter of particles investigated and the pretreat-
ment of dust samples can differ in these studies. Mini-
mum, mean, and maximum phthalate concentrations
are determined (Table V). Concentrations of high
molecular weight phthalates in natural and agricul-
turally used soils were determined;®Y here, minimal,
mean, and maximal concentrations (Table V) are cal-
culated from single measurement values,®® which
are reported as summarized values in Reference 30.
Concentrations of low molecular weight phthalates
in greenhouse soils were studied;**-3%) here, minimal,
mean, and maximal concentrations of DMP, DEP, and
DiBP in soils are deduced from these data (Table V).

2.1.3. Mouthing Behavior of Infant Consumers

Scenarios for the mouthing of plastic objects use
information on the duration of daily mouthing, the
contact area of objects with the children’s mouths, the
release of phthalates from objects per time unit, and
the phthalate-containing fraction of PVC objects on
the market.

Infants, toddlers, and young children mouth di-
verse objects frequently and with varying dura-
tion.®*7)) Minimal, mean, and maximal durations are
determined from the available data sets, which include
information on mouthing also of objects other than
PVC articles (Table VI).

The surface area of objects in contact with the
infant’s mouth varies considerably. The EU uses a de-
fault value for the contact area of 10 cm?,”) and this
assumption is also used here.

Phthalates are released from PVC products de-
pending on the duration and the way of mouthing
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(sucking and biting). Due to ethical reasons, this
release was not studied directly in children. One
study used adult volunteers to test phthalate re-
lease from PVC toys.(®® However, most studies re-
lied on tests with artificial saliva and mechanical ag-
itation.®”-19) Minimal release rates are taken from
Rastogi et al.,"% mean release rates are calculated
from References 97-100, and maximal release rates
are provided by CSTEE,®?) Fiala et al.,*® and Rijk
and Ehlert®) (Table VI).

The use of DnBP, BBzP, DEHP, DINP, and DIDP
in toys intended for infant consumers younger than
3 years was prohibited in the EU in 1999.(°) We as-
sume that a fraction of toys lower than one still con-
tains phthalates (MF in Table VI).(102)

2.1.4. Ingestion of Personal Care Products

Here, itis assumed that consumers incidentally in-
gest small amounts of personal care products (PCPs).
Scenarios for ingestion of PCPs use information on
amounts of products ingested daily and on phthalate
concentrations in such products.

Because no information is available on how
much PCPs are ingested daily, a worst-case assump-
tion is used here: infants, toddlers, children, and fe-
male teenagers and adults ingest 50 mg product per
day; male teenagers and adults ingest 25 mg prod-
uct per day. The higher amounts ingested should re-
flect the more careless use of PCPs by infant con-
sumers and the more frequent use of PCPs by female
consumers.

Datasets on concentrations of phthalates in PCPs
are of varying quality. On one hand, information is
available on highest-use levels of DMP, DEP, and
DnBP in various products.”) On the other hand, stud-
ies measured phthalate concentrations in European
retail PCPs.(193:19) Tt js here assumed that only sham-
poos, cosmetics, and skin care products are inciden-
tally swallowed by consumers. Minimum, mean, and
maximum concentrations of phthalates in these prod-
ucts are given in Table V.

2.2. Scenarios for Dermal Exposure
2.2.1. Use of PCPs

Scenarios for the use of PCPs are generated
according to a simple dermal exposure model.(1%%)
They include the frequency of use of PCPs, the con-
centrations of phthalates in products, the amounts
of products used per application, the fraction of
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Table V. Phthalate Concentrations in Different Media as Used in the Scenario Calculations
Media Unit DMP DEP DiBP DBP BBP DEHP DINP DIDP
Dust mg/kg Min 0.1 0.3 6.6 9.5 3.1 137 11.3 4.7
mg/kg P50 0 32 224 48 16 699 56 33
mg/kg Mean 1.1 26 84 98 84 1,198 176 73
mg/kg P95 1.8 114 130 311 416 3,470 674 240
Soil mg/kg P5 0 0 0 0.0004 0.0001 0.0012 0.001 0.0005
mg/kg P50 0.0001 0.0001 0.0007 0.002 0.0003 0.011 0.007 0.003
mg/kg Mean 0.0001 0.0001 0.0007 0.005 0.001 0.0222 0.014 0.007
mg/kg P95 0.0013 0.0013 0.0013 0.015 0.003 0.067 0.057 0.028
Indoor air ng/m? Min 125 10 9.7 194 0.0 46 0.5 0.3
ng/m? P50 384 422 61 720 7.0 200 2.2 13
ng/m? Mean 1,108 535 86 1,153 25 304 6.9 2.8
ng/m? Max 13,907 5,481 990 5,586 575 615 1,293 363
Outdoor air ng/m’ Min 0 0 0 32 0 0.6 0 0
ng/m? P50 0 0 0 11.9 0 2.8 0 0
ng/m? Mean 0 3.9 0 223 1.1 10.0 0 0
ng/m? Max 0 125 0 45 6 515 0 0
Gloves mg/kg Min 0 0 0 0 20,000 230,000 407,100 162,850
mg/kg Mean 0 0 0 0 26,750 338,333 417,850 167,150
mg/kg Max 0 0 0 0 33,000 420,000 428,600 171,400
Paints mg/kg Min 188 33 485 1,000 6,788 1,818 545 303
mg/kg Mean 1,033 33 2,667 5,500 37,333 10,000 3,000 1,667
mg/kg Max 1,879 33 4,848 10,000 67,879 18,182 5,455 3,030
Adhesives mg/kg Min 550 550 550 550 5,500 55,000 55,000 55,000
mg/kg Mean 41,400 2,200 33,600 36,900 26,700 44,000 39,200 18,300
mg/kg Max 55,000 5,500 55,000 55,000 55,000 55,000 55,000 55,000
Deodorant mg/kg Min 1 22 0 2 0 8.6 0 0
mg/kg Mean 678 400 0 128 0 8.6 0 0
mg/kg Max 2,000 3,930 0 200 0 8.6 0 0
Perfumes mg/kg Min 2 67 0 1 1 7 0 0
mg/kg Mean 4316 9,400 0 297 8 15 0 0
mg/kg Max 17,000 49,500 0 890 29 130 0 0
Aftershaves mg/kg Min 2,000 900 0 900 0 0 0 0
mg/kg Mean 2,000 8,980 0 5,450 0 0 0 0
mg/kg Max 2,000 20,000 0 10,000 0 0 0 0
Hair styling mg/kg Min 0.2 8 0 1 1 1 0 0
mg/kg Mean 4,666 96 0 39 16 17 0 0
mg/kg Max 20,000 5915 0 160 46 41 0 0
Shampoo mg/kg Min 900 8 0 70 0 0 0 0
mg/kg Mean 4,672 1,250 0 70 0 0 0 0
mg/kg Max 10,000 2,000 0 70 0 0 0 0
Skin care mg/kg Min 0 1.49 0 0 0 0 0 0
mg/kg Mean 0 900 0 0 0 0 0 0
mg/kg Max 0 9,300 0 0 0 0 0 0
Nail care mg/kg Min 0 1,000 0 8,000 0 0 0 0
mg/kg Mean 0 15,250 0 60,000 0 0 0 0
mg/kg Max 0 50,000 0 150,000 0 0 0 0
Makeup mg/kg Min 8 0.5 0 900 0 0 0 0
mg/kg Mean 17 1,049 0 5,300 0 0 0 0
mg/kg Max 50 4,000 0 10,000 0 0 0 0
Baby shampoo mg/kg Min 0 1 0 0 0 0 0 0
mg/kg Mean 0 101 0 0 0 0 0 0
mg/kg Max 0 300 0 0 0 0 0 0
Baby lotions, creams, oils mg/kg Min 0 0.3 0 0 0 0 0 0
mg/kg Mean 0 0.3 0 0 0 0 0 0
mg/kg Max 0 0.3 0 0 0 0 0 0
Other baby preparations mg/kg Min 0 500 0 0 0 0 0 0
mg/kg Max 0 500 0 0 0 0 0 0
mg/kg Mean 0 500 0 0 0 0 0 0
Ingested products, adults mg/kg Min
mg/kg Mean 1,563 1,066 0 1,790 0 0 0 0
mg/kg Max 3,350 5,100 0 3,357 0 0 0 0
Ingested products, infants mg/kg Min 0 0.1 0 0 0 0 0 0
mg/kg Mean 0 1 0 0 0 0 0 0
mg/kg Max 0 300 0 0 0 0 0 0

Sources: See text.
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Table VI. Phthalate Contents in Children’s Products, Release Rates, and Mouthing Times

Release Rate from PVC (ug/cm?/min)

Minimum Mean Maximum Sources Remarks MF

DnBP 0.000 0.001 0.002 97,100 Mechanical agitation using artificial saliva; only samples with low DnBP content 0.11
considered

BBzP 0.000 0.002 0.004 97,100 Mechanical agitation using artificial saliva; no maximum reported 0.09

DEHP 0.000 0.050 0.236 98-100 Mechanical agitation using artificial saliva; experiments with human volunteers  0.32

DINP 0.000 0.206 0.359 98-99  Mechanical agitation using artificial saliva; experiments with human volunteers  0.72

DIDP 0.000 0.162 0.277 97,99  Mechanical agitation using artificial saliva; no maximum reported 0.04

Mouthing Time (min/day)

Minimum  Mean  Maximum  Sources Remarks
Infants 0 91.9 292.4 94-96 All objects included
Toddlers 0 69.4 349.9 94-96 All objects included
Children 0 32 55 96 All objects included; data only for children younger than 5 years (reported

values multiplied by 0.286)

MF = phthalate-containing market fraction.(102)
Sources: See text.

products retained by the skin after use and the contain only DEP in lower concentrations than other
phthalate-containing fraction of products on the PCPs® (Table V).
market.

The use of PCPs by adult consumers is simulated
using mean and maximum frequencies of use per day;
minimal, mean, and maximal amounts of products

2.2.2. Dermal Contact with Other Products,
Soil, and Dust

applied; and mean fractions of products retained by Consumers are in dermal contact with diverse
the skin.®® Teenagers’ mean frequencies of use of products that contain phthalates. On one hand, con-
products in Table VII were determined from a Ger- tact with products such as textiles, cushions, and toys is
man market survey.!%) Infant consumers use other frequent and lasts for along time each day. Consumers
products than teenagers and adults with other fre- are also exposed to small amounts of dust and soil that
quencies.('”? PCPs made for children’s use generally remain on their skin a long time. On the other hand,

Table VII. Behavioral Parameters Used to Simulate the Use of PCPs

Frequency of Use of Products, 1/day

Amount Applied

per Use, mg FracFlon Infants, Toddlers, Children Female - Male Female Adults Male Adults
Retained Teens Teens

Product Minimum Mean Maximum Mean  Minimum Mean Maximum Mean Mean Mean Maximum Mean Maximum
Deodorant 500 1,300 3,000 1 0.73 0.5 0.43 2 0.29 2
Perfume 650 700 750 1 0.26 0.18  0.29 1.5 0.12 1
Aftershave 1,200 1,200 1,200 1 0.16 0.14 1
Hair styling 3,700 7,500 10,000 0.05 0.49 0.16 043 2 0.05 2
Shampoo 8,000 12,100 16,400 0.01 0.56 0.52 043 2 0.43 2
Skin care 3,000 4,625 7,000 1 0.64 0.16 0.34 2 0.32 1.25
Nail care 280 1,300 3,060 0.25 0.13 0.11 1
Makeup 490 490 490 1 0.32 0.18 1
Baby lotion 1,400 1 0.38 1.19 2
Baby oil 1,300 1 0.14 1.57 3
Baby cream 1,400 1 0.43 1.72 3
Baby powder 800 0.5 0.35 4.39 8.43
Baby shampoo 500 0.01 0.11 0.27 0.43

Sources: See text.
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contact with some products, such as adhesives, paints,
and gloves, is infrequent and lasts for short periods of
time. Detailed analysis of these dermal pathways in
the present study has shown that they cause in most
cases insignificant daily exposure in relation to other
pathways investigated here.

Only the use of plastic gloves can cause dermal
exposure that results in significant internal exposure
to some high molecular weight phthalates. In the sce-
narios simulating dermal contact with plastic gloves,
we assume that teenagers and adults use gloves when
doing the dishes. The frequency of dishwashing per
day (0 as minimum, 0.63 as mean, 5 as maximum) and
the duration per event in minutes (1 as minimum, 11
as mean, 60 as maximum) are taken from a Dutch ob-
servational study.(!®® Concentrations of phthalates in
gloves and the phthalate-containing fraction of gloves
available on the market (Table V) are taken from a
Danish report.!) It is assumed here that the total
surface area of both hands is covered with gloves for
the total duration of dishwashing; surface areas of the
hands are taken from USEPA.(19)

2.3. Scenarios Simulating Inhalation Exposure
2.3.1. Inhalation of Indoor and Outdoor Air

The scenarios for inhalation exposure take into
account the time that consumers spend in various mi-
croenvironments, the concentrations of phthalates in
air (including particles available for inhalation), and
activity-dependent inhalation volumes.

Daily time-location activity patterns of adult con-
sumers have been investigated in an Europe-wide
study.1%” Time-location activity patterns for infant
consumers and adolescents have been derived from
national European studies.(!!%!1) Here, it is assumed
that all activities take place inside of buildings except
the categories “sports, outdoor activities,” “being out-
doors,” and “commuting, travel.” We assign a level of
physical activity to each category in the time-location
activity patterns. Activity-dependent inhalation vol-
umes in liter per minute were calculated from data
taken from Adams'? (Table VIII).

Recent investigations of the quality of indoor en-
vironments demonstrated the ubiquitous contamina-
tion of indoor air with phthalates.'*'”) Minimum,
mean, and maximum concentrations in indoor air are
calculated from these data (Table V). Concentrations
include the fraction of phthalates bound to suspended
particles that are available for inhalation. Measured
indoor air concentrations are unavailable for DINP

Wormuth et al.

and DIDP. Here, indoor air concentrations of DINP
and DIDP are calculated on the basis of mean con-
centrations of suspended particulate matter,''® and
minimal, mean, and maximal concentrations of DINP
and DIDP in house dust (Table V).

Only four of the investigated phthalates have
been detected in outdoor air.*2-33) Minimum, mean,
and maximum concentrations of DEP, DnBP, BBzP,
and DEHP in outdoor air are calculated from these
data (Table V).

Concentrations of phthalates in the air of cars and
other transportation vehicles can be relatively high
due to evaporation of phthalates from PVC interiors.
Systematic investigations of phthalate concentrations
in vehicles are missing; here, they are assumed to be
equal to phthalate concentrations in indoor air.

2.3.2. Spray Paints

Sprays generate aerosols that are inhaled by con-
sumers. In the scenarios, spray paints are infrequently
used by teenagers and adults (two times per year,
which is 0.0055 per day).('¥) The mean duration of
spraying is 4 minutes and the mean contact time with
aerosols is 15 minutes.!'¥ A typical fingertip dis-
penser generates 25 grams of spray per minute and
the fraction of particles that are available for inhala-
tion is 0.005.("%) The volume around the consumer is
1 m3.(1% Concentrations of phthalates in spray paints
are determined from a Swiss product register(!!>)
(Table V).

2.4. Conversion of External Exposure
to Internal Exposure

The scenarios provide estimates of the external
consumer exposure to phthalates. External exposures
resulting from oral, dermal, and inhalation pathways
are converted into internal exposures by applying
uptake rates of different organs (ryptake, fraction of
amount of phthalates that is transferred into the hu-
man body).

2.4.1. Gastrointestinal Uptake

All rates for gastrointestinal uptake of phthalates
by humans are shown in Table IX. Phthalate uptake
through the human gastrointestinal tract has been
studied for DnBP, BBzP, and DEHP by means of uri-
nary concentrations of primary monoester metabo-
lites.C! In these experiments, uptake of DnBP is 64—
73% of the oral exposure. Gastrointestinal uptake
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Table VIII. Physiological Characteristics and Time-Activity Data of Consumers

Inhalation Volumes (L/min)

Duration Spent on Activities Each Day (min/day) Female Male

Female Male Infants, Toddlers, Teens/ Teens/
Activity Infants Toddlers Children Teens Adult Adult Activity Level Children Adults  Adults
Sleeping 669.5 731.5 609 547 508 497.5 Lying, sleeping 6.19 7.51 7.12 8.93
Napping, resting 249.5 155.5 21 22 Lying, sleeping 6.19 7.51 7.12 8.93
Eating 79 88 67 72 825 80.4 Sitting 6.48 7.28 7.72 9.3
Personal care 48 50 55 53.6 Sitting, standing 7.89 8.04 9.975
Employment 5 180 153 242 Sitting, standing 7.89 8.04 9.98
Study 229 84 Sitting 7.28 7.72 9.3
Housework, shopping 45 74 2195 97.5 Standing 8.49 836  10.65
Childcare 1 14 31 12 Sitting, standing 7.89 8.04 9.98
Voluntary work 9 9 12.5 12.5 Sitting, standing 7.89 8.04 9.98
Social life 52 90 55.5 50  Sitting, standing 7.89 8.04 9.98
Entertainment 9 8 5.5 6  Sitting, standing 7.89 8.04 9.98
Sport, outdoor activity 29 20 54.5 57  Running 31.78 4822 6047
Hobbies 94 26 18 45  Sitting, standing, 1585 2143 2681

running
Reading 10 10 30.5 30.5 Lying, sitting 7395 742 9.115
Watching TV, video 139 141 1185 1375 Sitting 7.28 7.72 9.30
Listening to music 8 11 Lying, sitting 74 7.42 9.12
Commuting, travel 76 96 59 73 Sitting, walking 13.695 17.41 2447
Being outdoors 28.8 80.3 Lying, sitting, 8.64 11.8
standing, walking
Other 405.7 384.7 9.5 11.5 Sitting, standing 6.62 7.89 8.04 9.98
Skin Surface Area (cm?) Air Inhalation Volumes (L/min)

Head Arms Hands  Legs Feet Total Lying  Sitting  Standing  Walking  Running

Infants Mean 414 312 121 469 149 2,280 6.19 6.48 6.76 10.82 n.a.

Toddlers Mean 826 667 295 1,245 359 5,380 6.19 6.48 6.76 10.82 n.a.

Children Mean 1,107 1,146 463 2,381 621 8,580 7.51 7.28 8.49 15.83 31.78
Female teens Mean 1,283 2,165 789 4,687 1,093 14,630 7.12 7.72 8.36 22.26 48.22
Male teens Mean 1,326 2,237 815 4844 1,130 15,110 8.93 9.30 10.65 29.52 60.47
Female adults  Mean 1,110 2,300 820 5460 1,140 16,900 7.12 7.72 8.36 22.26 48.22
Male adults Mean 1,300 2910 990 6,400 1,310 19,400 8.93 9.30 10.65 29.52 60.47

Sitting, standing: 50% of both activities, hence average of both inhalation rates; sitting, standing, running: 1/3 of the three activities, hence 1/3
of each inhalation rate; lying, sitting: 50% of both activities, hence average of both inhalation rates; sitting, walking: 50% of both activities,
hence average of both inhalation rates; lying, sitting, standing, walking: 1/4 of the four activities, hence 1/4 of each inhalation rate.

Sources: See text.

of DMP, DEP, and DiBP is assumed here to be the 75-90%.(117) Here, a similar metabolism of DINP in
same as for DnBP.('% In Reference 51, gastrointesti- rat and human being is assumed and uptake of DINP
nal uptake of BBzP is 69-78% of the oral exposure. is assumed to be 75-90% of the oral exposure. Uptake

For DEHP, a gastrointestinal uptake rate of 15% of DIDP here is the same as that of DINP.
was determined in humans in an earlier study.®? Re-

cent studies, however, have demonstrated that DEHP 2.4.2. Dermal Uptake of Cosmetic Ingredients,

uptake through the gastrointes_,tinal tract is close to Soil, and Dust

100%.03-% Uptake of DEHP is assumed here to be

15-95% of the external oral exposure. Gastrointesti- Rates for dermal uptake of chemicals from PCPs,
nal uptake of DINP has been studied in rats and re- soil, and dust are shown in Table IX. Dermal up-
nal excretion was between 40-60%.117) The total up- take of phthalates has been studied in rats for ph-

take of DINP from the oral dose might have been thalates by applying alcoholic phthalate solutions to



814 Wormuth et al.

Table IX. Uptake Rates Used to Convert External Exposure into Internal Doses, Denoted by ryptake in Table 11

DMP DEP DiBP DBP BBP DEHP DINP DIDP
Oral uptake rates [fraction of applied dose]
Min 0.64 0.64 0.64 0.64 0.67 0.153 0.75 0.75
Mean 0.685 0.685 0.685 0.685 0.725 0.552 0.825 0.825
Max 0.73 0.73 0.73 0.73 0.78 0.95 0.9 0.9
Dermal uptake rates: cosmetics [fraction of applied dose]
Min (rat) 0.06 0.05 0.05 0.1 0.04 0.005 0.003 0.004
Max (rat) 0.075 0.24 0.12 0.12 0.06 0.01 0.006 0.007
Min (adult) 0.0086 0.0071 0.0071 0.0143 0.0057 0.0007 0.0004 0.0006
Mean (adult) 0.0096 0.0207 0.0121 0.0157 0.0071 0.0011 0.0006 0.0008
Max (adult) 0.0107 0.0343 0.0171 0.0171 0.0086 0.0014 0.0009 0.0010
Min (child) 0.017 0.014 0.014 0.029 0.011 0.001 0.001 0.001
Mean (child) 0.0193 0.0414 0.0243 0.0314 0.0143 0.0021 0.0013 0.0016
Max (child) 0.021 0.069 0.034 0.034 0.017 0.003 0.002 0.002
Dermal uptake rates: soil and dust [fraction of applied dose]
Min (adult) 0.000424 0.000354 0.000354 0.000707 0.000283 3.54E-05 2.12E-05 2.83E-05
Mean (adult) 0.000477 0.001025 0.000601 0.000778 0.000354 5.3E-05 3.18E-05 3.89E-05
Max (adult) 0.00053 0.001697 0.000849 0.000849 0.000424 7.07E-05 4.24E-05 4.95E-05
Min (child) 0.000849 0.000707 0.000707 0.001414 0.000566 7.07E-05 4.24E-05 5.66E-05
Mean (child) 0.000955 0.002051 0.001202 0.001556 0.000707 0.000106 6.36E-05 7.78E-05
Max (child) 0.001061 0.003394 0.001697 0.001697 0.000849 0.000141 8.49E-05 0.000099
Dermal uptake rates: films [g/cm?/hr]
Mean (rat) 2.34 4.08 2.64 3.84 1.68 0.24 0.14 0.18
Mean (adult) 0.33 0.58 0.38 0.55 0.24 0.03 0.02 0.03
Mean (child) 0.67 1.17 0.75 1.10 0.48 0.07 0.04 0.05
Inhalation uptake rates [fraction of applied dose]
Mean (adult) 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Mean (child) 1 1 1 1 1 1 1 1

Sources: See text.

the skin.('7-118) For DEP, uptake through human skin of 0.24 ug/cm?/hr has been reported for DEHP.(12)
is lower than through rat skin by a factor of seven.(11) Uptake rates for the other phthalates (Table IX) are

Here, for all eight phthalates, uptake through human calculated from the relative ratios of dermal uptake

skin is assumed to be lower by a factor of seven than rates for cosmetics shown in Table IX. Again, it is as-

through rat skin. In addition, we assume that the skin sumed that uptake through the human skin is by a

of infant consumers is twice as permeable as the skin factor of seven lower for all phthalates and that the

of teenagers and adults.(*?) skin of infant consumers is twice as permeable as the
The same rates of chemical uptake from PCPs skin of teenagers and adults.

are applied to the uptake of chemicals from particles
adhered to the skin. However, the soil or dust matrix
reduces the uptake of chemicals to about 15%.°9 Ad-
ditionally, we here assume that only one-third of the
affected skin surface area is in contact with particles. Rates of phthalate uptake subsequent to inhala-
tion are unknown. Hence, an uptake rate of 100%
for infants, toddlers, and children and of 75% for
teenagers and adults as proposed in the EU risk as-
The dermal uptake of phthalates from films on sessments for several phthalates(®-%) is used.
the skin such as gloves, textiles, or toys is modeled
here with uptake rates obtained from experiments
with plasticized PVC films (containing 40 weight-%
DEHP) on rat skin.(!?%) The uptake is a function of the Fig. 2 shows exposure to the eight phthalates for
applied dose. An average uptake rate through the skin different consumer groups. The most striking result of

2.4.4. Uptake of Chemicals Through
the Respiratory Tract

2.4.3. Dermal Uptake of Chemicals from Films

3. RESULTS
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the present study is that infants and toddlers experi-
ence highest daily exposures in relation to their body
weight to all eight investigated phthalates, includ-
ing those known as reproductive toxicants in mam-
mals. This is valid for the mean daily exposure as well
as for the maximal exposure (except for DEP and
DnBP). Infants and toddlers have a mean daily ex-
posure to DINP and DIDP that is higher than the
maximum exposure to these phthalates in all other
consumer groups investigated. Their maximum expo-
sure to DEHP and DINP is higher than 100 pug/kg
bw/day and stems mainly from the mouthing of soft
plastic toys and the ingestion of food and dust. The
maximal exposure predicted with our scenarios is con-
siderably higher than the tolerable daily intake (TDI)
for DEHP and in the range of the TDI for DINP.C?)

For the ranges of exposure, in contrast, no such
consistent picture can be drawn. The range of ex-
posure to DMP, DiBP, and DIDP is similar in all
consumer groups. For DEP, the range of exposure is
increasing from infant consumers to teenagers and
adults. A decreasing range of exposure from infant
consumers to adults can be observed for DnBP, BBZP,
DEHP, and DINP.

The contribution of various sources to exposure
to the eight phthalates is shown in Fig. 3 for dif-
ferent consumer groups. The sources of exposure to
BBzP, DINP, and DIDP differ significantly between
infant consumers and teenagers/adults. Dust is the
main source of BBzP in infants and toddlers (>70%);
additional exposure to BBzP results from food (20%)
and air (5%). Food is a major source of BBzP in chil-
dren (73 %) and additional exposure is due to contam-
inated indoor air (26%). Spray paints cause exposure
to BBzP in teenagers (>70%) and adults (40%); also
food is a major source of BBzP in teenagers (>20%)
and adults (60%).

More than 90% of the exposure to DINP of in-
fants, toddlers, and children is due to the mouthing
of soft plastics. Teenagers and adults are exposed to
DINP mainly from dust (>30%), air (around 30%),
spray paints (20%), and gloves (>10%).

Exposure to DIDP of infants, toddlers, and chil-
dren is caused by the mouthing of soft plastic (55—
82%). An additional source of DIDP in infants and
toddlers is dust (40%). Children experience addi-
tional exposure to DIDP from the inhalation of con-
taminated indoor air (16%). Teenagers and adults are
exposed to DIDP from food (55-70%), dust (>10%),
air (9-13%), gloves (5-7%), and spray paints (5-7%).

Exposure to DMP, DEP, DiBP, DnBP, and DEHP
is caused by similar sources in all consumer groups

Wormuth et al.

(Fig. 3). Exposure to DMP is mainly caused by indoor
air (almost 100% in infants, toddlers, and children and
70-90% in teenagers and adults) and PCPs (only in
teenagers and adults, 10-20%).

In the case of DEP, more than 80% of the expo-
sure to DEP is caused by the dermal application of
PCPs, mainly fragrances and aftershaves, deodorants
and skin creams, or by incidental ingestion of personal
care products. Contaminated air is another important
source of DEP causing up to 30% of the exposure.

For DiBP, food is the major source of exposure
in all consumer groups (60% in infants and toddlers,
>95% in teenagers and adults). In infants and tod-
dlers, dust (30%) and contaminated indoor air (>8%)
contribute significantly to exposure to DiBP.

All consumer groups experience exposure to
DnBP from the consumption of food (40-90%). In in-
fants, toddlers, and children, indoor air (20-40%) and
dust (10%) are additional sources of DnBP. Teenagers
are exposed to DnBP also from contaminated indoor
air (14-22%). In teenagers and female adults, PCPs
cause between 15% and 50% of the exposure.

Food is the most important source of DEHP in
all consumer groups (50-98% ); dust (>35% ) and toys
(8-9%) are additional sources of DEHP exposure in
infants and toddlers.

4. DISCUSSION

Consistent patterns of exposure can be found for
four of the eight phthalates investigated: indoor air
causes most of exposure to DMP in all consumer
groups. The application and the incidental ingestion
of PCPs are the major sources of exposure to DEP in
all consumer groups. Food is the dominating source of
exposure to DiBP and DEHP in all consumer groups.

Concerning the remaining four phthalates, con-
sumers can be divided into two classes with differ-
ent exposure patterns and sources: infants and tod-
dlers, on one hand, and teenagers and adults, on the
other hand; children’s exposure to phthalates is tran-
sitional. The differences between the two classes of
consumers (infant consumers vs. teenagers, adults)
and the similarities within each class are because of
the age-dependent behaviors and related exposures
(e.g., the mouthing of soft plastic and oral exposure,
crawling on the floor and high oral exposure to dust
in young consumers; the use of PCPs and exposure to
DEP and DnBP in older consumers).

We can identify two classes of consumers exposed
to BBzP, DINP, and DIDP because of a complete
change in the sources of exposure. Various consumer
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products (such as toys, plastic gloves, and paints) and
dust cause an important part of the exposure to these
phthalates. Toys are frequently mouthed by infant
consumers, leading to oral exposure to phthalates.
Infants and toddlers ingest much higher amounts of
dust than older consumers. The oral exposure path-
way is characterized by an effective uptake of ph-
thalates through the gastrointestinal tract. Therefore,
infant consumers experience relatively higher daily
exposure to BBzP, DINP, and DIDP (Fig. 2). Older
consumers, in contrast, are exposed to BBzP, DINP,
and DIDP from products that are rarely used (spray
paints) or lead to dermal exposure (gloves) character-
ized by an ineffective uptake of phthalates. DINP is
the most important substitute for DEHP in its appli-
cations today. Itis probable that the exposure patterns
of DINP and DEHP will become similar in the near
future. Therefore, food might become a major source
of exposure to DINP, leading to an increase in con-
sumer exposure to this phthalate.

In contrast, we find the two classes of consumers
differently exposed to DnBP because PCPs intended
for the use of older consumers contain relatively high
amounts of this phthalate, whereas PCPs for children
are free of it. Hence, though food is the dominat-
ing source of exposure in all age groups, PCPs con-
tribute remarkably to the exposure to DnBP of older
consumers.

The uptake rates shown in Table IX demonstrate
that the oral and inhalation pathways cause much
more efficient uptake of phthalates into the human
body than the dermal pathways. This observation
leads to the question of how consumer exposure to
phthalates can efficiently be reduced.

For all eight phthalates, exposure is, on one hand,
due to the direct use of consumer products. An effi-
cient strategy to reduce exposure is to avoid products
containing high amounts of plasticizers such as soft
plastic toys; these cause more than 90% of exposure
to DINP of infants, toddlers, and children. Adult con-
sumers might avoid highly fragranced cosmetic prod-
ucts such as perfumes or nail polishes, causing at least
65% of exposure to DEP in all age groups and 15—
50% of exposure to DnBP in teenagers and female
adults (see Fig. 3).

On the other hand, consumer exposure is indi-
rectly connected to the use of plasticized products
in households, which contaminate the residences. Ex-
posure can be reduced by using building materials,
commodities, and consumer products that contain
lower amounts of phthalates. However, consumers
only have the possibility to choose phthalate-free al-
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ternatives if the products are labeled in a clear and
comprehensible manner.

In the case of DiBP, DnBP, BBzP, and DEHP,
food is a major source of phthalates in humans. Here,
it is more difficult to reduce consumer exposure. On
one hand, phthalates in food have a diffuse environ-
mental origin, which is caused by emissions from a
variety of sources at all stages of the life cycle of ph-
thalates (production, use, and disposal). On the other
hand, phthalates migrate from the processing equip-
ment (e.g., gloves, tubes, and pots) or the packaging
(including imprints and adhesives) into the food. In
this case, the food industry plays a major part in re-
ducing consumer exposure to phthalates

4.1. Variability in the Exposure Estimates

The variability in the daily exposure to phthalates
is considerable (Fig. 2). This is due to a complicated
interplay between uncertainty and natural variability
in the input parameters and the importance of differ-
ent sources contributing to the total daily exposure.

Many input parameters are insufficiently known,
especially concentration parameters, which depend
on uncertain and variable conditions such as degrada-
tion or ventilation, leaching, or emission rates; or are
confidential, such as phthalate contents in consumer
products. Also, parameters describing the use of con-
sumer products, such as frequencies of use or amounts
used per application, are rarely available. Highly vari-
able contact parameters such as consumers’ physiol-
ogy (body sizes and body weights, inhalation rates,
uptake, and metabolism rates) and consumers’ be-
havior show natural variability and, to a lesser extent,
uncertainty.

The range of the total daily exposure is gener-
ally determined by the uncertainty and variability of
the parameters that characterize the dominating ex-
posure pathways (Fig. 3). In most cases, the same path-
ways are relevant under the assumptions of minimal,
mean, or maximal input parameters.

The ratios of maximal to minimal exposure to ph-
thalates are around a factor of 100 for most phthalates
and consumer groups. Such ratios reflect the “normal”
variability in contact parameters and the uncertainty
in concentration parameters. However, considerably
higher ratios of maximal to minimal exposures are
found for DEP (for teenagers and adults) and for
DINP and DIDP (for infants, toddlers, and children).
Phthalate concentrations in ingested PCPs have the
highest contribution to variance in DEP exposure
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(result not shown). We assumed a wide range of pos-
sible values for DEP concentrations in PCPs, because
of inconsistent data from frame formulations® and
measurements of concentrations in products.(193-104)
Variance in exposure to DINP and DIDP of infants,
toddlers, and children is mainly caused by highly vari-
able duration of mouthing, rates of release of phtha-
lates from plastics, and dust concentrations (results
not shown).

Fig. 2 shows that the mean daily exposure to
phthalates generally is relatively low with regard
to the maximum exposure. Several of the contact-
related parameters driving exposure, such as amounts
of products used per application or amounts of
consumed edibles, are log-normally distributed. The
skewed distribution of input parameter values leads
to skewed distributions of exposure estimates with
mean values closer to the minimum exposure values in
Fig. 2.

4.2. Model Evaluation

The exposure estimates presented here are com-
pared to those of other studies to put them into per-
spective. First, exposure estimates are available from
modeling studies and from EU risk assessment re-
ports. Second, daily consumer exposure to phthalates
can be deduced from measured concentrations of ph-
thalate metabolites in human urine.0-7)

Exposure estimates obtained from modeling
studies vary considerably. Miiller et al.0? take into
account several situations of product use leading to
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exposure to phthalates but consider only the exter-
nal daily exposure. Their estimates are considerably
higher than our estimates for daily internal exposure
to phthalates.

The EU risk assessments of five phthalates as-
sume worst-case conditions in the scenarios repre-
senting typical exposure situations.(®'-% Hence, the
exposure estimates obtained from the scenarios are
high in comparison with our estimates. We use realis-
tic assumptions even for maximum parameter values.
For example, we limit the fractions of products con-
taining phthalates to values below 1.

The three studies available from Canada”'-73 ne-
glected several routes, such as PCPs, soft plastic toys,
and other consumer products, causing exposure to ph-
thalates. Moreover, the study of Clark et al.’® only
provides external exposures. In contrast to our study,
all three Canadian studies found that food was the
most important source of phthalates in humans and
that infants experience lower daily exposure to ph-
thalates than other consumer groups.

In Table X, we compare our exposure estimates
to exposure values deduced from measurements of
urinary phthalate metabolite concentrations in the
German population. Our estimates for adults are in
good agreement with the measurement-based esti-
mates for DEP, DnBP, BBzP, and DEHP.®-") Note
that especially the maximum values (95th percentile
values) derived from measurements and obtained
with our approach are consistent, which shows that
the assumptions made in the scenarios used to calcu-
late exposure are reasonable.

Table X. Exposure (in pg/kg bw/day) Calculated from Urinary Concentrations of Phthalate Metabolites in Samples Taken from the
German Population -7 (left) and Results from the Present Modeling Study (right) in Comparison

Measured Data

Calculated Exposure Estimates

Phthalate min P50 P95 max min, P5 P50 max, P95
Children Children, our study
DnBP 2.9 7.4 23.7 0.15 1.21 16.9
BBzP 0.2 1.8 9.2 0.005 0.04 1.08
DEHP 1.14 42 8.4 48.4 0.1 1.78 15.8
Female adults Female adults, our study
DEP 0.7 3.9 326 96.9 0.005 1.43 64.9
DnBP 3 84 244 28.0 1.48 353 38.6
BBzP 0.2 0.9 4.0 6.8 0.03 0.27 1.65
DEHP 0.03 2.6 12.0 432 0.2 2.54 14.7
Male adults Male adults, our study

DEP 0.3 1.4 281 30.0 0.02 1.15 50.9
DnBP 2.1 5.1 17.4 26.2 1.6 3.61 18.6
BBzP 0.2 0.7 3.0 4.5 0.03 0.31 1.9
DEHP 0.03 23 10.3 37.0 0.24 2.85 16.3
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The present study slightly underestimates the ex-
posure to phthalates of children. The underestima-
tion can be due to data that reflect children’s behav-
ior inappropriately. In this case, more high-quality
exposure-relevant data is desirable. Also, additional
sources can contribute to the consumer exposure to
phthalates that are not included in the present study.
A recent investigation has shown that drugs can con-
tain high amounts of DnBP and DEHP, which leads
to oral exposure.(2!)

5. CONCLUSIONS

The SceBRA method has proven suitable for de-
veloping a comprehensive and sufficiently detailed
picture of the exposure to eight phthalates of Euro-
pean consumers. In the present study, especially in-
fants and toddlers experience high daily exposures to
phthalates. This finding may be critical as the most
important phthalates are known to affect human re-
production and sexual development. In many cases,
exposure can be attributed directly or indirectly to
the use of consumer products containing phthalates
or releasing phthalates into residences. The direct im-
pact of soft plastic products on the exposure is evident
in the case of infants’ and toddlers’ exposure to DINP.
Consumer exposure to DEP is caused by the use of
PCPsin all age groups. A strategy to reduce consumer
exposure to phthalates is to restrict their use in child-
care articles and PCPs. This strategy is applied in the
European Union today. Additionally, a clear declara-
tion of the ingredients of these products would enable
consumers to choose phthalate-free alternatives.

Many plasticized consumer products, commodi-
ties, and building materials in households lead to a
contamination of indoor air and dust. Low molecu-
lar weight phthalates such as DMP, DEP, and DnBP,
which are used in PCPs and/or building materials such
as sealing, are found in the indoor air at high con-
centrations. High molecular weight phthalates such as
DEHP or DINP, which are used in floor and wall cov-
erings or in upholsteries, can be found in house dust
in high concentrations. Consumer exposure to these
phthalates might be reduced by avoiding building ma-
terials and commodities containing large amounts of
phthalates.

Food is a main source of DiBP, DnBP, and DEHP
in consumers. In this case, consumers have very
few possibilities to effectively reduce their exposure.
However, the food industry can contribute to the re-
duction in consumer exposure by avoiding the use of

Wormuth et al.

phthalates in food packages (including adhesives, im-
prints) and in food processing equipment.
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