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ABSTRACT

Increasingly, health risk assessment is addressinljple pathway exposures to multiple
contaminants. We reviewed aggregated exposure amdulative risk approaches for
contemporary and ubiquitous semivolatile organismpounds (SVOC). We identified 22
studies aggregating exposure pathways, and 31 atimylrisk. Exposure aggregation is
based on the addition of pathway-specific dosesgusnetic modeling where it exists, and
classic external dose equations otherwise. In roaseés, exposure is dominated by a single
route or source of exposure - mainly the oral pathwvia dietary or non-dietary exposure.
Preferential routes and sources of exposure ataemfed by SVOC physical-chemical
properties such as vapor pressure. The cumulaskeapproach for contaminants is based on
dose addition. Simple sum of hazard quotient (Hahadex: HI) is the most commonly used
cumulative risk assessment approach, while Rel&®ntency Factor (RPF) appeared to the
best suited — although this calls for a level oddological information that limits the number
of compounds that can be studied simultaneouslyer@/hoth were performed, moving from
HI to more refined approach produced similar rasulb conclusion, both approaches -
exposure aggregation and cumulative risk - relysmmple assumptions. Nevertheless, they
allow uncertainty to be reduced, in comparison wsthurce-by-source or chemical-by-

chemical approaches.

KEY WORDS

Mixture; contaminants; environmental exposure; theaxposure pathway; cumulative risk

assessment; chemical.
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INTRODUCTION

People are continuously and increasingly exposea@ toultitude of organic chemicals
(NHANES 2015) from various sources (e.g. food, dagsmetics and personal care products
(C&PCPs), textiles and materials) and media (ergwater and soil), and by different routes
of exposure such as inhalation, ingestion or deguatact. Organic chemicals include a high
number of compounds having various physical-chelhpoaperties, and can be classified as
volatile, semivolatile or non-volatile compound®n3volatile organic compounds (SVOCSs)
are defined as having a boiling point temperaturdaeiween 240 —and 400 °C (NF ISO
16000-6, 2006). This group includes a high numbeorganic molecules from different
chemical families (e.g. phthalates, bisphenolsy@allic aromatic hydrocarbons (PAHS),
organophosphorus (OPs), organochlorines (OCs)hsiiaotmusks, polychlorinated biphenyls
(PCBSs), polybromodiphenylethers (PBDES)). The gdiercommunity’s growing interest in
studying exposure to SVOCs is motivated by a mstheir use in consumer products as well
as by improved analytical techniques that have shakeir ubiquity, for example, in
dwellings (Rudel et al. 2003; Weschler and Naza2f®8). Moreover most are reprotoxic
(Peretz et al. 2014; Kay et al. 2014), neurotolluifoz-Quezada et al. 2013; Costa et al.
2014), or carcinogenic compounds (Armstrong e@04; IARC 2015a, 2015b), and have

been found in human biological fluids (blood anohey.

When evaluating the impact of SVOC exposure on muhalth, exposures may be assessed
using either external or internal doses. Externakds estimated from contamination data and
human parameters such as body weight, inhalatiah dust ingestion rate... Using a
pharmacokinetic model or absorption factors, it banconverted to internal dose. Internal
dose is preferentially assessed by biomonitoringmBnitoring data directly reflect internal
aggregate exposures and could, with back calculatsing pharmacokinetics models, inform

as to the external dose attributable to each expgsathway. However, using biomonitoring

3



60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

data does not inform on the source of exposureithab useful for prevention strategies.
Once exposure is assessed, the risk may be assbgsedmparing exposures to a
toxicological reference value. This value may bpregsed as an external dose for a unique
route of exposure, i.e. a reference dose or adokeptiaily intake for ingestion (or a reference
concentration for inhalation). They are usuallyireated from an indicator of the dose-
response relationship in laboratory mammals to lvhiccertainty factors are applied to take
into account inter/intra-species differences (Dgbat al. 2002). For some chemicals, internal
reference dose are proposed such as biomonitogqongaent which are estimates of the
concentration of the substance (or a metabolitdlaod or urine that is consistent with the

reference dose (Hays and Aylward 2009).

In the case of indoor SVOCs, exposure occurs \ffardnt sources and media and concerns
many compounds simultaneously. Multiple exposurentetures is now widely recognized
and addressed, notably by international and ndtiosatutions in charge of risk assessment.
In the WHO/IPCS Framework for Risk Assessment omBmed Exposures to Multiple
Chemicals, aggregate exposure is defined as expasuhe same substance from multiple
sources, via multiple pathways, and routes (Meell.e2011).Cumulative risk assessment
linked to co-exposure to different substancesss adcommended when feasible (Meek et al.

2011).

The objective of this study is to review the methadnployed in the literature regarding (1)
exposure aggregation to an SVOC excluding biomango and (2) cumulative risk

assessment for a mixture of SVOCs.
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METHODS

The search covered the period fra®85 until2016. Publications were selected in line with
the following criteria: addressing SVOC human expesaggregating at least two routes of
exposure for one SVOC or assessing cumulativetoisk least two SVOCs. Because they do
not provide methods for the aggregation of sevevates of exposure; publications that
considered exposures to an SVOC from different gasui(e.g. foodstuff) but via a single
exposure route (e.g. ingestion) were discarded) ¢éveugh aggregation was the mentioned
terminology. Using the Web Of Knowledge™ website hdimson Reuters,
www.webofknowledge.com), publications were seleqiedharily by searching in the field
“topic” (title, abstract and key words): ((exposuk®lD (assessment OR evaluation) AND
(cumulat* OR aggregat*) AND (chemicals OR produ® substances OR compounds OR
pollutants) AND health) OR (PBPK AND (SVOC OR pegte OR phthalate OR flame
retardant OR plasticizer OR PCB OR musk OR PAH Q@gawochlor* OR organophosph*
OR pyrethroid) NOT (rat* OR mice OR mouse OR be&econdly, selected publications
were screened on the basis of the subject-titlecmathirdly, those publications remaining
were subjected to an exhaustive abstract readingrder to remove those which did not
address the research subject and to separate gtidoie performing exposure aggregation
from those dealing with cumulative risk assessm{@RA). Publications identified in the
reference list of others were added. Since thectibgwas to review methods, publications’

results are presented only where they allow thepawison of different methods.

Regarding publications that aggregated exposure, fthllowing items were retrieved:
references, chemical class, exposure characteri@aurce, media, and route of exposure),
exposure modeling (type of approach: determinwtiprobabilistic, type of aggregated dose,
and the doses aggregation level: external or iatgrrand whether comparison with

biomonitoring data was made. Regarding publicatittreg cumulated risks, the following

5



106

107

108

109

items were retrieved: references, number of chdnuomulated, SVOC selection criteria
(related to occurrence and toxicity), CRA charastis (grouping by chemical class or not,
the dose calculation basis, and the method emp)pwged toxicity indicators characteristics

(type, source, point of departure, and type ofdobdigical endpoint).
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RESULTSAND DISCUSSION

This search identified 22 publications that careed an exposure aggregation from at least
two routes of exposure to an SVOC and 31 publinatibat carried out a CRA to at least two

SVOCs.

1. Aggregate exposure assessment

Table 1: Publications performing exposure aggregatn semivolatile organic compounds.

[Table 1]

Twenty-two publications carrying out SVOC exposaggregation were identified, and these
are presented in Table 1. This may seem few, given high number of compounds
concerned, yet assessments are often focused aswrpto a compound from various
sources but via a single exposure route. The ottlsts back to 1998 and from 2010 to 2016,

one to five publications per year were retrievedriithe literature.

Seven publications aggregated exposure to OP#) silthalates, four to pyrethroids, three to
PAHSs, three to PBDESs, three to phenols, two to P@Bas to parabens, one to musks, one to
OCs, one to polychlorinated naphthalenes (PCNg),torperfluoroalkyl acids (PFAAs) and

one to replacement flame retardants (RFRs). Res@dieexposure was studied most (18
publications), addressing exposure to air (n=18%t dn=13), surfaces (n=7), soil (n=6) and
dental sealing (n=1). Fourteen of the publicati@ugklressed dietary exposure: all were
interested in solid food exposure, four took dnmgkiwater into account and three were also
interested in breast milk exposure. Three publbecetiaddressed occupational source with
exposures to air (n=2) or to air and soil (n=1).olpublications addressed exposure to

C&PCPs.
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Human exposure to these various sources and medill ©ccur via three pathways:
inhalation, ingestion or dermal contact. Of the @ilications selected, a majority (n=14)
aggregated exposure by three pathways, whereaseshalid so by two pathways. As an
example, Gosens et al. (2014) aggregated expasdoert parabens contained in C&PCPs by
dermal and ingestion pathways. The reason put fokwar not studying exposure by
inhalation was that none of the investigated C&P@pglied by spray contained parabens.
Another reason for not studying a route of expossineegligible absorption, in comparison
with the other pathway. For instance, Wilson et(2003) assessed the aggregated exposure
by ingestion and inhalation of 37 SVOCs presensaueral media (indoor and outdoor air,
indoor dust, soil and food) rather than by dermadaaption because this was considered
negligible in comparison. Because of recent advanice dermal exposure importance
(Weschler and Nazaroff 2012) and modeling (Gong.e2014; Shi and Zhao 2014; Morrison
et al. 2016), this pathway is expected to be mgstematically considered in the future.
Indeed human experiments with exposure to phtlalatere proven this pathway to be

significant for some SVOCs (Weschler et al. 2015).

Aggregation of exposure was always conducted bymatihg exposure for each route
individually, then summing them. These exposuresevadten assessed by employing classic
external dose equations (e.g. U.S. EPA, 1992) coimipihuman parameters (such as weight,
body surface area, inhalation rate, amount of itegedust and frequency of use) with media
or product contamination (e.g. SVOC concentrationthe media or product). Thirteen
publications have used this method. An alternato@uld be the employment of
pharmacokinetic (PK) and/or pharmacodynamics (P@dets to aggregate exposure to
individual SVOCs by several routes, and provideatsorbed dose. The physiologically-
based pharmacokinetic model (PBPK), describes thgsiplogical, biochemical, and

physical-chemical processes governing the absarpdistribution, metabolism, and excretion
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of a xenobiotic in the body. It consists of a serd compartments receiving the xenobiotic
via systemic circulation. These models could atemiporate a pharmacodynamic dimension
(PBPK/PD) relating to processes leading to a alitr@alth outcome (e.g. acetylcholinesterase
inhibition). PK and PD models require the same patars as for external dose equations,
with the addition of physiological, physiochemigalg. partition coefficient) and biochemical
(e.g. metabolic rate constant) parameters. Eighligations have used PK models: four used
a PBPK model, two a one-compartment PK model arel @aPBPK/PD model. The four
PBPK models were developed for three different dhahfamilies (PAHs, pyrethroids and
OPs), the two one-compartment PK models for PBDpmunds and for PAH compounds,
whereas the PBPK/PD model was only developed forc@Rpounds — chlorpyrifos, to be
precise. When PK and/or PD models were availaldsettappeared to be the preferred method
for assessment of overall exposure to an SVOC. Mewdecause these are available only
for certain specific SVOCs, and because their caogon entails high consumption of both
data and resources, they are not systematicallgl. Useorder to estimate and aggregate
exposures to an SVOC, some publications have asd gpecific exposure models, which
include PK modeling components, such as the Sttich&uman Exposure and Dose
Simulation model for multimedia (SHEDS-Multimediahich was developed by the U.S.
EPA’s Office of Research and Development to sineukjgregate exposure via dietary and
residential routes (inhalation and dermal contémth variety of environmental chemicals
such as pesticides, metals and persistent organiatgnts (https://www.epa.gov/chemical-
research/stochastic-human-exposure-and-dose-sioniteds-estimate-human-exposure).
Three publications used SHEDS-Multimedia to assessosure to pyrethroid and OP
compounds. Another specific model is the Probahli®\ggregate Consumer Exposure
Model (PACEM), first used by Gosens et al. (201d) facilitate aggregate exposure

assessment of parabens compounds present in C&RoRs&ver, though these are more
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adaptable to various SVOCs than are PK and/or PBetapthey could be limited by the use
of predefined scenarios (e.g. residential pesticide scenarios using SHEDS-Multimedia,
such as indoor flying insect killer, pet treatmevggetable patch, etc.) or data (e.g. Dutch
C&PCPs use data for PACEM). Compared to classixtdreal dose modeling, most of the
time achieved with a deterministic approach, theselels use distributions for the human

parameters inputs and contamination data in oadalidw a probabilistic approach.

Exposure assessment to a contaminant could bessegat@s an external or internal dose, the
latter reflecting contaminant uptake after crossafggorption barriers. Only Wilson et al.
(2003) and Roosens et al. (2010) expressed reasltexternal doses for each route of
exposure. Fifteen other publications estimatedmatedoses for each route of exposure, and
five estimated internal dose only for the dermahpay. Of these, nine publications used a
PK approach to convert external exposure into grjasue or fluid concentrations. Eleven
other publications converted external exposure imi@rnal exposure by applying absorption
factors retrieved from the literature or consideeedefault value of 100%. For the dermal
pathway the authors used dermal absorption fra¢8btmrdut et al. 1998; Duggan et al. 2003;
Linares et al. 2010; Gosens et al. 2014) or a tlemsal permeability coefficient (Beko et al.
2013). Transdermal permeability coefficients argenrecise, because they take into account
partition through the different layers of the skonthe dermal capillaries, and these were
recently available in the literature for several(335 (Weschler and Nazaroff 2012). This
explains why their use has increased since 2013Xd@mparison with 1998) for dermal
absorption factors. Internal dose appears as tjiedlometric when considering aggregation
of exposure. The mosbphisticated approach is PBPK modeling, followgd®K modeling,
use of absorption factor, or default 100% absorptidsing external doses (most often

observed for inhalation and ingestion) actually sists in considering that there is no
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differential absorption between exposure routess Fhould at least deserve an uncertainty

analysis with reported values for bioavailability.

Both external and internal exposure assessmentsreemput parameters (such as human
parameters, media or product contamination datasgedific parameters of SVOCs). With
regard to these parameters, single values coulbé@ to conduct a deterministic approach. A
conservative choice of parameters is consideredl lagver tier approach by several authors
(Delmaar and van Engelen 2006; Sarigiannis et@3® and was indeed employed in ten
publications. A higher tier approach could be carteld by probabilistic analyses with Monte
Carlo simulation by introducing distributions rathlean single values, and this was employed
by twelve authors. Both approaches were used anthaeed by Gosens et al. (2014) to
estimate aggregate exposure, by ingestion and dexomsact, to four parabens. Although
exposure assessment results were comparable in dygphoaches, internal exposures
estimated by the higher tier approach were alwafevb those estimated by the lower tier
approach for each paraben. This result confirmatl ahdeterministic approach gave a good
conservative starting point for exposure assessimgnthat a probabilistic approach gave a
more realistic and more informative exposure assess where enough data were available
(by, for example, allowing estimation of the progpam of population above the reference

dose, and enabling sensitivity analysis).

Most of the studies (n=16) aggregated exposures dor average individual using
representative data from a population, e.g. a fpeage group. Six studies aggregated

exposures for specific individuals with their owatal

Most studies (n=16) compared their estimations ofgre@gate exposure to human

biomonitoring data (e.g. NHANES), and eleven okth&und consistent results. A reason for

11



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

the discrepancies could be for instance the nolsian of a major pathway, such as diet for

phthalates (Beko et al. 2013).

It is noteworthy that the authors discussed thetritartion made to exposure by each
pathway, source or media. The major route of exfgodapends on: the studied compounds;
the conditions of exposure to these compounds (esgdential or occupational), the routes of
exposure assessed, and whether the populatiotenést included children more susceptible
to dust ingestion (Beamer et al. 2012; Wason eR@l2; Gaspar et al. 2014; Mitro et al.
2016). Some authors investigated influent parammeteich as SVOC physical-chemical
parameters with molecular weight (Beko et al. 2028} vapor pressure (Wilson et al. 2003),
which are related to their partitioning among vasaenedia (e.g. indoor air, dust), leading to a
preferential route of exposure. As an example, Bslal. (2013) found the dermal pathway to
be the major route of exposure for two phthalaBesBP and DiBP)Xue et al. (2014) studied
exposure to seven pyrethroids when using, or noigupesticide at home. These authors
found ingestion to be the major route of exposareath cases, with dietary exposure being
the most contributive for the population not uspesticides, and non-dietary exposure for the
population that does use them. Zartarian et allZPGound the same results regarding
children’s aggregate (dietary and non-dietary) desiial exposure to permethrin. The
circumstance of exposure also has an influenceekample Wei et al. (2013) studied global
exposure to a pyrethroid during and after airadeginfection treatments, finding inhalation to
be the major route of exposure during the pre-flighray, and dermal pathway to be the
major route of exposure for the residual treatmss@nario. The dominant pathway may
change depending on exposure level. For examplgeTat al. (2011) found ingestion of food
to be the dominant pathway for several PBDEs ugbtmut the 60 quantile of the total dose,
while oral and dermal uptake of dust dominated abive 68 quantile, because of a larger

variability of concentration and dust ingestioneraBecause few studies (n=6) addressed

12
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global exposure to SVOCs via ingestion, inhalatm dermal contact to at least food, air,
dust or soil and objects (such as toys, clothinmpdoor surfaces), it is difficult to determine a
general dominant pathway trend in global exposwggessment to SVOC. However, as
observed by Wilson et al. (2003), on the basisbS¥OCs, ingestion was found to be the
main route of exposure for the less volatile cormaisy whereas inhalation was the most

significant for the more volatile compounds.

To summarize, choice of method depends stronglyesaarch objectives. A PK and/or PD
model seemed preferential when assessing totalsexpdo an SVOC. However, because
they are available only for certain SVOCs, and bseaheir construction involves high data
and resource consumption, a lower tier approacith as employing external dose equation -
appeared to be more adequate (at least as atépt and provided consistent estimations.

Inclusion of an uncertainty analysis in exposueasment appears essential in this situation.

Lastly, even where exposure to an SVOC is govehyed major route, aggregating exposure
provides useful information regarding exposure abristics such as influent media, or
variation between compounds of the same chemicallffa Aggregation of all routes of

exposure to an SVOC appears essential, especialiy \werforming a risk assessment in a

second step.

2. Cumulative Risk Assessment

Table 2: Publications performing Cumulative Risks@ssment on semivolatile organic

compounds.

[Table 2]
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Thirty-one publications conducting SVOC CRA werentlfied for inclusion in this review,
and these are presented in Table 2. The oldest Hatdk to 2003, and since 2009, from one to

seven publications per year were retrieved fronliteeature.

For each study, SVOCs were included in a CRA onbigs of their occurrence and/or a
similar pattern of toxicity. Firstly, regarding agcence, dietary contamination was the most
used criterion (n=16), followed by the occurrentS¥OC metabolites in humans (n=8). In
addition, two studies chose on the basis of threisgnce in industrial emissions, three on their
presence in the residential environment, one om fiiesence in drinking water, one on their
presence in the water, sediment and biota of afgpaeer and lastly, four studies provided
no explanation regarding occurrence for the salectf compounds. Secondly, regarding
toxicity patterns for compound selection, having arti-androgenic mechanism of action
(n=11), or inhibiting the acetylcholinesterase (A}hmechanism (n=11) were the most
studied effects. In addition, sodium channel mouta toxic effects on the nervous system,
toxic effects on the liver, the reduction of hepagtinoid, and respiratory irritation were also
studied. Finally, five publications based their gmund selection on multiple toxic effects.
Chemical classes investigated were: carbamates)(CB%s, OCs, PAHs, parabens, PBDEs,
PCBs, phenols, phthalates, polyfluoroalkylated warxes (PFASs) and pyrethroids. In fact,
12 publications studied OP compounds, 11 phthalatepounds, 7 carbamate compounds
and 6 pyrethroid compounds. The scientific comnymitgrowing interest in OPs and
phthalates is driven by suspicion of toxic heaffeas, such as the anti-androgenic effects of
some phthalates on the male reproductive systeengéom et al. 2012), or the neurotoxic
effects of some OPs (Mileson et al.1998), theiqultous occurrence in various media (Rudel
et al. 2003; Blanchard et al. 2014), and the aclkedged presence of these compounds and
their metabolites in human biological fluids (NHASE2015), as well as - specifically for

OPs - the availability of relative potency fact§RPF) published by governmental agencies
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(U.S. EPA 2006). Finally the review reveals thamajority of the publications (n=26)
performed CRA for SVOCs coming from the same chahutass and only five encompassed

compounds from different families.

A CRA can be performed using several methods tha&e theen developed and used for
decades now, notably for regulatory purposes otuteal sites (U.S. EPA 1989). Most of
these are based on the following additivity assuwngt notably with the “Incremental
Lifetime Cancer Risk”, a sum of cancer risks comiparsed in regulatory risk assessment.
“Dose additivity” assumes that each compound ofidure is supposed to contribute to the
overall observed effect in proportion to its cortcation (dose), with the assumption that
“toxicants in a mixture act upon similar biologicsystems and contribute to a common
response in proportion to their respective potexic{€alabrese 1990). On the other hand,
“response additivity” assumes that each compouna miixture is supposed to contribute to
the overall observed effect in proportion to itéeef (response), with the assumption that
“toxicants in a mixture act upon dissimilar biologi systems and act independently”
(Calabrese 1990). This notion does not take intmaat the possibility of such toxicological
interaction as antagonism or potentiation and ctedd to biased estimation of the risk. For
example, Boon et al. (2008) have highlighted anr@stenation when conducting a CRA to
OPs and carbamates exposures. Even though thesenana for their common AChE
inhibiting activity, their specific mechanisms aft@n are different - indeed AChE receptor
binding is mostly irreversible regarding OPs wheréais reversible regarding carbamates.
However, toxicological interaction (i.e. antagonism potentiation) is mostly based on the
saturation phenomena of metabolic systems, whintbeaconsidered as never being achieved
regarding low, even sometimes very low (e.g. umgénT in indoor air regarding several
SVOCs)(Blanchard et al. 2014) compound concentrationth@aexposure media (ATSDR

2004). Nevertheless, an empirical analysis of l@sed synergy, by Boobis et al. (2011)
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revealed results of low magnitude (1.5 to 3.5).tfk@nmore, the principal purpose of risk
assessments is to help regulatory or policy-malanganizations make decisions and to
develop operative strategies regarding the comtfohuman exposure to environmental,
residential and occupational pollutants, leadingdosideration of the additivity assumptions

as operational.

Several CRA methods exist and the most commonlgt usthe literature are, from the lowest
to the highest tier, the Hazard Index (HI) methibe, Point of Departure Index (PODI) and
the RPF approachesdgescribed extensively elsewhere (U.S. EPA 2000jgaanis and
Hansen 2012; Fournier et al. 2014a). Briefly, tHemiéthod is based on the sum of hazard
guotients (HQ) for substances affecting the sangetargan or system. For each substance
involved, the HQ is calculated by dividing exposbgereference dose (i.e. the level at which
no adverse effects are expected in humans) (U.8. Z®O0). This method was used in 20
publications. Although it provides a transparerd aomprehensive result (HI<1 indicates that
there is little likelihood that an adverse effeaght be observed from chronic exposure) this
method is also a lower tier approach, because d¢ference doses are not necessarily
constructed with regard to the same target orgahcan sometimes be imprecise with regard
to the compounds’ mechanism of action. Howevedoies allow the study of compounds
from different chemical classes, but affecting th@me target organ or system. Four
publications are concerned in this review; all tibers studied compounds from a single
class (n=16). In order to quantify interaction effein a mixture, Ragas et al. (2011) followed
the interaction-based HI approach developed byuise EPA (2000). This method assumes
that interactions among compounds in a complex urgxiare dependent on those of all
possible binary combinations of the individual mipe components. The HI is multiplied by a
weight factor reflecting the significance of thes#eractions. The authors observed

interaction effects in two groups (with, for instan four and two pesticides respectively) and
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found that the interaction-based HI was always érighan the conventional one. However,
because of weak scientific evidence regarding #heutation procedure, and a weak empirical
basis regarding parameter values, the authors wawmeed that these interaction-based His

should be used with caution (Ragas et al. 2011).

The PODI approach differs from the HI in that thensof exposures to each compound is
expressed as a fraction of its respective and caabfgpoint of departure (POD) for effects
of toxicological relevance (for example, a benchindose) rather than a fraction of the
reference dose — inducing less uncertainty. Thenmatal of the PODI is the combined
margin of exposure (MOE) based on the sum of iddiai MOEs. For each compound
involved, the MOE is calculated by dividing its P@human exposure (EFSA 2008). Three

of the publications used a combined MOE approach.

The RPF approach assumes similarity of mechanisinsaction between individual
compounds and uses toxicity data for an index cam@do normalize the potencies of each
other compound in a mixture. Usually the poten@es POD derived from dose-response
curves. The combined toxicity of the mixture cop@sds to the sum of the potency
normalized doses to vyield total equivalent expaswgpressed as index compound
equivalents, which is then compared to the refexeshuse of the index compound (EFSA
2008). This method was used in 13 publicationseB8eublications studied compounds from
the same chemical class - mostly OPs (n=4) - wketlea others studied compounds from
different classes (n=6). Four of them applied a RBproach class by class, whereas Caldas
et al. (2006) and Blaznik et al. (2015) performedRF approach to OP and CB compounds

having the same mechanism of action.

Several publications compared CRA methods. Thradiqations used both a RPF and a

combined MOE approach. One of these is interestetimulating risks linked to exposure to

17



374 five PCBs, and although the authors found simisults with respect to estimates of median
375 MOE values, they pointed out that the advantagh@®RPF approach is that it is more easily
376 implemented in practice, and accounts quantitatifet both variability and the various
377 uncertainties involved (Kalantari et al. 2013). thermore, RPF data published by the U.S.
378 EPA are available for the OPs (U.S. EPA 2006), GBS. EPA 2007), and pyrethroids (U.S.
379 EPA 2011). Benson et al. (2009) and Beamer e28llq) found similar results when using
380 both a RPF and an HI approach. Beamer et al. (20#i2)ot assess the potential added value
381 of a RPF approach to an HI approach, yet Bensaal. g2009) suggested using the less

382 complex HI approach for future CRA to simultanephghalates.

383 The reference doses employed by the authors cafféd fibr a single SVOC according to: the
384  toxicological endpoint studied and the type of PE€Hdsen (no observed adverse effect level
385 (NOAEL), lowest observed adverse effect level (LQABr Benchmark Dose (BMD)); the
386 value of the uncertainty factor applied, and theéedaf construction, depending on the
387 organization producing these values (e.g. acceptaldrable daily intakes (A/TDI) from
388 EFSA or WHO, and reference doses (RfD) from U.SAEPewalque at al. (2014) and Gao
389 et al. (2016) both calculated HI to several phttesaising two different reference values, (1)
390 TDI from EFSA based on effects on reproduction dedelopment and (2) reference dose
391  from Kortenkamp and Faust (2010) based on antieggaiic effects. Each author found
392  different results, attesting to the fact that custive assessment is dependent on the reference

393  value taken into account.

394 Dose calculation for exposure estimation was basedcontamination data alone in 21
395 publications and on both contamination and bionwoimg data in 9. Only Beko et al. (2013)
396 estimated daily intakes from both media phthalatesipound contaminations (with the

397 exception of foodstuffs) and urinary concentratiohgheir metabolites before conducting a
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CRA using an HI approach. The authors found anréthfurinary concentrations to be twice

as high as from media contaminations.

Following a tiered approach when conducting a CRAaw recognized by institutions such
as the EFSA’s Scientific Panel on Plant Protecpooducts and their Residues (PPR) which
recommends the use of tiered approaches when mgpassks of chronic exposure to

pesticide residues (EFSA 2008). Several authotsiefreview have confirmed the pertinence
of this recommendation for conducting a CRA on SVé&@osure. A lower tier method (such
as the HI approach) could be used as a first gtgth,recourse to a higher tier method (such
as the RPF approach) being justified where theooucsuggests further refinement is called

for.
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CONCLUSIONS AND PERSPECTIVES

Aggregate exposures and cumulative risks need tak®n into consideration in addressing
total SVOC exposure and the overall risk they pdseparticular, the dermal pathway has
proven to be significant in the recent years. Titesature review has revealed that relatively
simple approaches based on the sum of exposuress do effects can be useful, at least in a
first tier. However, these first-tier approachesrgaheir own uncertainties and should be
accompanied by an uncertainty analysis of simpldyassumptions. It is however important
to keep in mind that not choosing to aggregate sxy@s or cumulate risks creates more

uncertainty because of the implicit assumptiomadependence of exposures and effects.

This review has highlighted that, because theyidenslifferential absorption rates related to
the different routes of exposure, as well as métsinophenomena, pharmacokinetic models
are useful tools for aggregating exposure. Becdlisse are currently available only for
certain SVOCs, there is a need for developmentokgc models for those SVOCs sharing
common toxicological effects (e.g. a PBPK modelrEprotoxic SVOC). They could also be

used for reverse dosimetry using biomonitoring data

When assessing cumulative risks to several commoed). in order to build a RPF), a
compromise needs to be reached between the exrenesds of the compounds list and the
required precision of the toxicity estimates focleaubstance involved in the mixture. A great
progress towards putting cumulative risk assessnrént practice would be to generate
comparable toxicity data in order to build RPF.sI'may be achieved, for instance, with the
use of standardized high-throughput assays as @eaetllast years by the US EPA (Kavlock
et al. 2012), associated with the development oficenstrategies (i.e. proteomics or

transcriptomics). Recent works in these topics \@gy promising (Hannas et al. 2011;
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Thomas et al. 2011, 2012; Van Ravenzwaay et al4;2CGhauhan et al. 2016; Labib et al.

2016).

Both PBPK building and toxicity testing is time anesources consuming and a proposal
would be to focus efforts on ubiquitous compounizring, or suspected to share, the same
mechanism of action. A next step would be to idgntiompounds the populations are

frequently exposed to, and then define correspgndimulative assessment groups, such it
has already be done for certain environments (Feugat al. 2014b), or regulatory processes

(Boobis et al. 2008).

Acknowledgments: Maud Pelletier's work was fundedthwa doctoral grant from the
Fondation de France and the Agence de I'Environméne¢ de la maitrise de I'énergie

(Ademe).

21



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

REFERENCES

Armstrong, B.; Hutchinson, E.; Unwin, J.; Fletch&t, Lung cancer risk after exposure to
polycyclic aromatic hydrocarbons: A review and rmatalysis. Environ. Health

Perspect2004, 112(9), 970-978.

Beamer, P. |.; Canales, R. A.; Ferguson, A. C.kleecl. O.; Bradman, A. Relative pesticide
and exposure route contribution to aggregate anchutative dose in young

farmworker childrenint. J. Environ. Res. Public. Heal#®12, 9 (1), 73-96.

Beko, G.; Weschler, C. J.; Langer, S.; Callesen, Mftum, J.; Clausen, G. Children’s
Phthalate Intakes and Resultant Cumulative ExpesuEstimated from Urine
Compared with Estimates from Dust Ingestion, Intiafaand Dermal Absorption in

Their Homes and Daycare Centd?os One2013, 8 (4), €62442.

Benson, R. Hazard to the developing male reprodeidystem from cumulative exposure to
phthalate esters—dibutyl phthalate, diisobutyl phkdte, butylbenzyl phthalate,
diethylhexyl phthalate, dipentyl phthalate, andsaionyl phthalateRegul. Toxicol.

Pharmacol.2009, 53 (2), 90-101.

Blanchard, O.; Glorennec, P.; Mercier, F.; Bonviall.; Chevrier, C.; Ramalho, O.; Mandin,
C.; Le Bot, B. Semivolatile Organic Compounds iddor Air and Settled Dust in 30

French DwellingsEnviron. Sci. TechnoR014, 48 (7), 3959-3969.

Blaznik, U.; Yngve, A.; Erzen, I.; Ribj C. H. Consumption of fruits and vegetables and
probabilistic assessment of the cumulative acufgsxre to organophosphorus and
carbamate pesticides of schoolchildren in Sloveridlic Health Nutr.2015, 19 (3),

557-563.

22



465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

Boobis, A. R.; Ossendorp, B. C.; Banasiak, U.; Hanfe Y.; Sebestyen, I.; Moretto, A.
Cumulative risk assessment of pesticide residudsad. Toxicol. Lett.2008, 180(2),

137-150.

Boobis, A.; Budinsky, R.; Collie, S.; Crofton, Embry, M.; Felter, S.; Hertzberg, R.; Kopp,
D.; Mihlan, G.; Mumtaz, M.; Price, P.; Solomon, Keuschler, L.; Yang, R.; Zaleski,
R. Critical analysis of literature on low-dose sygwefor use in screening chemical

mixtures for risk assessmefitit. Rev. Toxicol2011, 41 (5), 369-383.

Boon, P. E.; Van der Voet, H.; Van Raaij, M. T. Wan Klaveren, J. D. Cumulative risk
assessment of the exposure to organophosphorusashdmate insecticides in the

Dutch diet.Food Chem. ToxicoR008, 46 (9), 3090-3098.

Borg, D.; Lund, B.O.; Lindquist, N.G.; Hakansson, Gumulative health risk assessment of
17 perfluoroalkylated and polyfluoroalkylated sw@mstes (PFASs) in the Swedish

population.Environ. Int.2013, 59, 112-123.

Bosgra, S.; Voet, H. van der; Boon, P. E.; Slob AN .integrated probabilistic framework for
cumulative risk assessment of common mechanism ich&rin food: An example

with organophosphorus pesticid&egul. Toxicol. Pharmaca2009, 54 (2), 124-133.

Calabrese, E. Multiple chemical interactions<CRC Press1990.

Caldas, E. D.; Boon, P. E.; Tressou, J. Probaicilassessment of the cumulative acute
exposure to organophosphorus and carbamate indesticn the Brazilian diet.

Toxicology2006, 222 (1-2), 132-142.

Castorina, R.; Bradman, A.; McKone, T. E.; Barr, B, Harnly, M. E.; Eskenazi, B.

Cumulative organophosphate pesticide exposure iakdissessment among pregnant

23



487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

women living in an agricultural community: a cagedy from the CHAMACOS

cohort.Environ. Health Perspec2003, 111(13), 1640-1648.

Chang, J. W.; Yan, B. R.; Chang, M. H.; Tseng, S.K&o, Y. M.; Chen, J. C.; Lee, C. C.
Cumulative risk assessment for plasticizer-contameith food using the hazard index

approachEnviron. Pollut.2014, 189, 77-84.

Chauhan, V.; Kuo, B.; McNamee, J. P.; Wilkins, R.; Qauk, C. L. Transcriptional
benchmark dose modeling: Exploring how advanceshamical risk assessment may

be applied to the radiation fielEnviron. Mol. Mutagen2016, 57 (8), 589-604.

Christensen, K. L. Y.; Makris, S. L.; Lorber, M. @ation of hazard indices for cumulative
exposure to phthalates for use in cumulative riskseasmentRegul. Toxicol.

Pharmacol.2014, 69 (3), 380—389.

Costa, L. G.; de Laat, R.; Tagliaferri, S.; Pellac&. A mechanistic view of polybrominated
diphenyl ether (PBDE) developmental neurotoxicityaxicol. Lett. 2014, 230 (2),

282-294.

Delmaar, J. E.; van Engelen, J. G. M. Aggregatingnéin exposure to chemicals: An
overview of tools and methodologies. The Netherariiational Institute for Public

Health and the Environment (RIVM). Report no. 6300@1/2006 2006.

Dewalque, L.; Charlier, C.; Pirard, C. Estimatedydmtake and cumulative risk assessment
of phthalate diesters in a Belgian general popaafi oxicol. Lett.2014, 231 (2),

161-168.

Duggan, A.; Charnley, G.; Chen, W.; Chukwudebe, awk, R.; Krieger, R. I.; Ross, J.;

Yarborough, C. Di-alkyl phosphate biomonitoring alatassessing cumulative

24



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

exposure to organophosphate pesticid®sgul. Toxicol. PharmacoR003, 37 (3),

382-395.

Durmusoglu, E.; Aslan, S.; Can, E.; Bulut, Z. HedRisk Assessment of Workers’ Exposure
to Organic Compounds in a Tire Factardum. Ecol. Risk Assess. Int.2007, 13 (1),

209-222.

Dybing, E.; Doe, J.; Groten, J.; Kleiner, J.; Gdori J.; Renwick, A. G.; Schlatter, J.;
Steinberg, P.; Tritscher, A.; Walker, R.; Younes, Mazard characterisation of
chemicals in food and diet: dose response, meamarasid extrapolation issuésod

Chem. Toxicol2002, 40 (2), 237-282.

EFSA Panel on Plant Protection Products and thegidRies (PPR) Scientific Opinion on a
request from the EFSA evaluate the suitability siséng methodologies and, if
appropriate, the identification of new approachesssess cumulative and synergic
risks from pesticides to human health with a vieve¢t MRLs for those pesticides in
the frame of Regulation (EC) 396/2005EFSA J. 2008, 704, 1-85.

https://www.efsa.europa.eu/en/efsajournal/pub/705.

Fournier, K.; Glorennec, P.; Bonvallot, N. Constroe de valeurs toxicologiques de
référence adaptées a la prise en compte des meglamgevaluation des risques
sanitaires: méthodes existantes et applicatiorentésEnviron. Risques Sang®14a,

13(3), 203-221.

Fournier, K.; Glorennec, P.; Bonvallot, N. An exposbased framework for grouping
pollutants for a cumulative risk assessment appro&@ase study of indoor semi-

volatile organic compoundg&nviron. Res2014b, 130, 20—28.

25



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

Gao, C.-J,; Liu, L.-Y.; Ma, W.-L.; Ren, N.-Q.; Gu¥,; Zhu, N.-Z.; Jiang, L.; Li, Y.-F
Kannan, K. Phthalate metabolites in urine of Chengeung adults: Concentration,
profile, exposure and cumulative risk assessntacit. Total Environ2016, 543 19—

27.

Gaspar, F. W.; Castorina, R.; Maddalena, R. L.hNisa, M. G.; McKone, T. E.; Bradman,
A. Phthalate Exposure and Risk Assessment in @aigoChild Care Facilities.

Environ. Sci. TechnoR014, 48 (13), 7593-7601.

Ginsberg, G.; Ginsberg, J.; Foos, B. Approache€hidren’s Exposure Assessment: Case
Study with Diethylhexylphthalate (DEHRnt. J. Environ. Res. Public. Heal2016,

13(7), 670.

Gong, M.; Zhang, Y.; Weschler, C. J. Predictingna@r absorption of gaghase chemicals:
transient model development, evaluation, and agiptin. Indoor Air 2014, 24 (3),

292-306.

Gosens, |.; Delmaar, C. J. E.; ter Burg, W.; derH€e, Schuur, A. G. Aggregate exposure
approaches for parabens in personal care prodactsise assessment for children

between 0 and 3 years oldExpos Sci Env. Epidemi2014, 24 (2), 208-214.

Hannas, B. R.; Lambright, C. S.; Furr, J.; Evans,Réster, P. M.; Gray, L. E.; Wilson, V. S.
Genomic biomarkers of phthalate-induced male rejtide developmental toxicity:
A targeted rtPCR array approach for defining retatpotency.Toxicol. Sci.2011,

kfr315.

Hays, S. M.; Aylward, L. L. Using biomonitoring dagalents to interpret human
biomonitoring data in a public health risk contektAppl. Toxicol2009, 29 (4), 275-

288.

26



554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

IARC. Polychlorinated biphenyls and polybrominated bipflen IARC Monogr. Eval.

Carcinog; Risk Chem. Hun2015a, 107.

Jardim, A. N. O.; Mello, D. C.; Goes, F. C. S.; tardunior, E. F.; Caldas, E. D. Pesticide
residues in cashew apple, guava, kaki and peachuBCD, GC-FPD and LC-
MS/MS multiresidue method validation, analysis awedmulative acute risk

assessmenEood Chem2014, 164, 195-204.

Jensen, B. H.; Petersen, A.; Nielsen, E.; Christen3.; Poulsen, M. E.; Andersen, J. H.
Cumulative dietary exposure of the population ohidark to pesticideszood Chem.

Toxicol.2015, 83, 300-307.

Joensen, U. N.; Frederiksen, H.; Jensen, M. B.ritsamn, M. P.; Olesen, I. A.; Lassen, T. H.;
Andersson, A.-M.; Jgrgensen, N. Phthalate excrgiaitern and testicular function: a

study of 881 healthy Danish mdfnviron. Health Perspec2012, 120(10), 1397.

Kalantari, F.; Bergkvist, C.; Berglund, M.; Fattpie.; Glynn, A.; Hakansson, H.; Sand, S.
Establishment of the cumulative margin of expodorea group of polychlorinated
biphenyl (PCB) congeners using an improved approthet accounts for both

variability and uncertaintyRegul. Toxicol. Pharmaca2013, 65 (3), 325-333.

Kavlock, R.; Chandler, K.; Houck, K.; Hunter, Sud3on, R.; Kleinstreuer, N.; Knudsent, T.;
Richard, A.; Martin, M.; Padilla, S.; Reif, D.; Riard, A.; Rotroff, D.; Sipes, N.; Dix,
D. Update on EPA’s ToxCast program: providing htghoughput decision support

tools for chemical risk manageme@hem. Res. Toxicd012, 25 (7), 1287-1302.

Kay, V. R.; Bloom, M. S.; Foster, W. G. Reproduetand developmental effects of phthalate

diesters in male<rit. Rev. Toxicol2014, 44 (6), 467—-498.

27



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

Koch, H. M.; Wittassek, M.; Bruning, T.; Angerer; Bleudorf, U. Exposure to phthalates in
5—6 years old primary school starters in Germanykufan biomonitoring study and

a cumulative risk assessmelinit. J. Hyg. Environ. HealtR011, 214 (3), 188-195.

Kortenkamp, A.; Faust, M. Combined exposures to-amdrogenic chemicals: steps towards

cumulative risk assessmetfrit. J. Androl.2010, 33 (2), 463-474.

Kranich, S. K.; Frederiksen, H.; Andersson, A.-Nirgensen, N. Estimated Daily Intake and
Hazard Quotients and Indices of Phthtalate Diester¥oung Danish MenEnviron.

Sci. Technol2014, 48 (1), 706—712.

Labib, S.; Williams, A.; Kuo, B.; Yauk, C. L.; Wt P. A.; Halappanavar, S. A framework
for the use of single-chemical transcriptomics dataredicting the hazards associated
with complex mixtures of polycyclic aromatic hydewbons.Arch. Toxicol 2016, 1-

18.

Leeman, W. R.; Krul, L.; Houben, G. F. Complex mpes: Relevance of combined exposure

to substances at low dose levéleod Chem. ToxicoR013, 58, 141-148.

Li, Z.; Nie, J.; Lu, Z.; Xie, H.; Kang, L.; Chen,.QLi, A.; Zhao, X.; Xu, G.; Yan, Z.
Cumulative risk assessment of the exposure to lpiels through fruits consumption

in China — Based on a 3-year investigatisood Chem. ToxicoR016, 96, 234—243.

Linares, V.; Perelld, G.; Nadal, M.; Gémez-Cataldn, Llobet, J. M.; Domingo, J. L.
Environmental versus dietary exposure to POPs aredalsa A probabilistic

assessment of human health riskEnv. Monit2010, 12 (3), 681-688.

Lorber, M. Exposure of Americans to polybrominatiohenyl ethers). Expo. Sci. Environ.

Epidemiol.2007, 18 (1), 2-19.

28



598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

Lozowicka, B.; Mojsak, P.; Jankowska, M.; KaczynsRki; Hrynko, I.; Rutkowska, E.;
Szabunko, J.; Borusiewicz, A. Toxicological studies adults and children of
insecticide residues with common mode of action AMm pome, stone, berries and

other small fruitSci. Total Environ2016, 566-567, 144—156.

Lu, C.; Holbrook, C. M.; Andres, L. M. The implicahs of using a physiologically based
pharmacokinetic (PBPK) model for pesticide risk esssnent.Environ. Health

Perspect2010, 125-130.

Meek, M. E.; Boobis, A. R.; Crofton, K. M.; Heineger, G.; Van Raaij, M.; Vickers, C. Risk
assessment of combined exposure to multiple chésnisaWHO/IPCS framework.

Regul Toxicol Pharmac@011, 60 (2 suppl 1), S1-S14.

Mileson, B. E.; Chambers, J. E.; Chen, W. L.; Datth W.; Ehrich, M.; Eldefrawi, A. T.;
Gaylor, D. W.; Hamernik, K.; Hodgson, E.; Karczma, G.; et al. Common
mechanism of toxicity: a case study of organophosph pesticidesToxicol. Sci.

1998, 41 (1), 8-20.

Mitro, S. D.; Dodson, R. E.; Singla, V.; Adamkiewjd.; EImi, A. F.; Tilly, M. K.; Zota, A.
R. Consumer Product Chemicals in Indoor Dust: Ar@itetive Meta-analysis of U.S.

StudiesEnviron. Sci. TechnoR016, 50 (19), 10661-10672.

Morrison, G. C., Weschler, C. J. and Beko, G. Démunpsake directly from air under transient
conditions: advances in modeling and comparisorth wkperimental results for

human subjects. Indoor Ai2016, 26: 913-924.

Mufoz-Quezada, M. T.; Lucero, B. A.; Barr, D. Bieé&nland, K.; Levy, K.; Ryan, P. B.;

Iglesias, V.; Alvarado, S.; Concha, C.; Rojas, ¥ega, C. Neurodevelopmental

29



620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

effects in children associated with exposure toanophosphate pesticides: a

systematic reviewNeurotoxicology2013, 39, 158-168.

NHANES. Fourth National Report on Human ExposureEtovironmental Chemicals. US

Department of Health and Human and Sen20a5.

Ogbeide, O.; Tongo, I.; Enuneku, A.; Ogbomida, Ezemonye, L. Human Health Risk
Associated with Dietary and Non-Dietary Intake af@nochlorine Pesticide Residues

from Rice Fields in Edo State Nigertxpo. Healti2016, 8 (1), 53-66.

Ortiz, R. H.; Maitre, A.; Barbeau, D.; Lafontaind,; Bouchard, M. Use of physiologically-
based pharmacokinetic modeling to simulate theilpsofof 3-hydroxybenzo (a)
pyrene in workers exposed to polycyclic aromatidrbgarbonsPloS One2014, 9

(7), €102570.

Peluso, F.; Othax, N.; Castelain, J. G.; DubnyA@plying Health Risk Analysis to Assess
the Chemical Quality of Water for Recreational Bagh The Case of Tres Arroyos

Creek, Buenos Aires, Argentindum. Ecol. Risk Assess. Int2014, 20 (1), 45—68.

Peretz, J.; Vrooman, L.; Ricke, W. A.; Hunt, P. Bhyrlich, S.; Hauser, R.; Padmanabhan, V.;
Taylor, H. S.; Swan, S. H.; VandeVoort, C. A.; étBisphenol a and reproductive
health: update of experimental and human evideB06,/-2013.Environ. Health

Perspect. Onlin@014, 122(8), 775.

Poet, T. S.; Timchalk, C.; Hotchkiss, J. A.; Baste\l. J. Chlorpyrifos PBPK/PD model for

multiple routes of exposur&enobiotica2014, 44 (10), 868—881.

Quijano, L.; Yusa, V.; Font, G.; Pardo, O. Chromigmulative risk assessment of the

exposure to organophosphorus, carbamate and pyicetnd pyrethrin pesticides

30



642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

through fruit and vegetables consumption in thdoregf Valencia (Spain)Food

Chem. Toxicol2016.

Ragas, A. M. J.; Oldenkamp, R.; Preeker, N. L.; M&ke, J.; Schlink, U. Cumulative risk
assessment of chemical exposures in urban envimasnkviron. Int.2011, 37 (5),

872-881.

Van Ravenzwaay, B.; Montoya, G. A.; Fabian, E.; dit&r M.; Krennrich, G.; Looser, R.;
Mellert, W.; Peter, E.; Strauss, V.; Walk, T.; Kampl. The sensitivity of
metabolomics versus classical regulatory toxicoldgym a NOAEL perspective.

Toxicol. Lett.2014, 227(1), 20-28.

Roosens, L.; Cornelis, C.; D’'Hollander, W.; Bernget.; Reynders, H.; Van Campenhout,
K.; Van Den Heuvel, R.; Neels, H.; Covaci, A. Expasof the Flemish population to
brominated flame retardants: Model and risk assessinviron. Int. 2010, 36 (4),

368-376.

Rudel, R.A.; Camann, D. E.; Spengler, J.D.; KornR.L. Brody, J.G. Phthalates,
Alkylphenols, Pesticides, Polybrominated Diphenyhdts, and Other Endocrine-
Disrupting Compounds in Indoor Air and DuEnviron. Sci. TechnoR003, 37 (20),

4543-4553.

Sarigiannis, D. A.; Hansen, U. Considering the clatie risk of mixtures of chemicals—A

challenge for policy maker&nviron. Health2012, 11 (Suppl 1), S18.

Sarigiannis, D. A.; Karakitsios, S. P.; Gotti, A. tlered approach for aggregate exposure
assessment—the case of bisphenol-A91ih Panhellenic Conference in Chemical

Engineering, Athens, Gree2613.

31



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

Shi, S., & Zhao, B. Modeled exposure assessmentntalation and dermal pathways to
airborne semivolatile organic compounds (SVOCs)residences. Environmental

science & technology014, 48(10), 5691-5699.

Shurdut, B. A.; Barraj, L.; Francis, M. Aggregate&pesures under the Food Quality
Protection Act: an approach using chlorpyrifBegul. Toxicol. Pharmacol998, 28

(2), 165-177.

Sgeborg, T.; Frederiksen, H.; Andersson, A. M. Clative risk assessment of phthalate
exposure of Danish children and adolescents usiadhdzard index approadnt. J.

Androl. 2012, 35 (3), 245-252.

Thomas, R. S.; Clewell, H. J.; Allen, B. C.; We&sehper, S. C.; Wang, N. C. Y.; Lambert, J.
C.; Hess-Wilson, J. K.; Jay Zhao, Q., Andersen,BMApplication of transcriptional
benchmark dose values in quantitative cancer andamzer risk assessmembxicol.

Sci.2010, kfg355.

Thomas, R. S.; Clewell, H. J.; Allen, B. C.; Yang, Healy, E.; Andersen, M. E. Integrating
pathway-based transcriptomic data into quantitativemical risk assessment: a five

chemical case studiut. Res./Gen. Tox. ER012, 746(2), 135-143.

Trudel, D.; Scheringer, M.; von Goetz, N.; Hungetei, K. Total Consumer Exposure to
Polybrominated Diphenyl Ethers in North America &dope Environ. Sci. Technol.

2011, 45 (6), 2391-2397.

U.S. EPA.Risk Assessment Guidance for Superfund Volume lakihealth Evaluation

Manual (Part A).US EPA: Washington, DA989. EPA/540/1-89/002.

U.S. EPA. Guidelines for Exposure Assessment. Risk Assesskwoin US EPA:

Washington, DC1992. EPA/600/Z-92/001.

32



687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

U.S. EPA. Supplementary guidance for conducting health risiseasment of chemical

mixtures US EPA: Washington, D@000. EPA/630/R-00/002.

U.S. EPA.Organophosphorus Cumulative Risk AssessniitEPA: Washington, DQ006.
https://www.epa.gov/pesticide-science-and-assegmstcide-risks/cumulative-

assessment-risk-pesticides.

U.S. EPA.Revised N-methyl Carbamate Cumulative Risk Assessofe EPA: Washington,

DC, 2007.

U.S. EPA.Pyrethrins/pyrethroid Cumulative Risk Assessmé&l@ EPA: Washington, DC,

2011.

Von Goetz, N.; Wormuth, M.; Scheringer, M.; Hungénter, K. Bisphenol A: How the Most
Relevant Exposure Sources Contribute to Total CoestExposureRisk Anal.2010,

30 (3), 473-487.

Wason, S. C.; Smith, T. J.; Perry, M. J.; Levy, 1J.Using physiologically-based
pharmacokinetic models to incorporate chemical aond-chemical stressors into
cumulative risk assessment: A case study of pdstiekposurednt. J. Environ. Res.

Public. Health2012, 9 (5), 1971-1983.

Wei, B.; Isukapalli, S. S.; Weisel, C. P. Studyipgrmethrin exposure in flight attendants
using a physiologically based pharmacokinetic model Expo. Sci. Environ.

Epidemiol.2013, 23 (4), 416—427.

Weschler, C. J.; Nazaroff, W. W. Semivolatile ongacompounds in indoor environments.

Atmos. Environ2008, 42 (40), 9018-9040.

33



708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

Weschler, C. J.; Nazaroff, W. W. SVOC exposure ardofresh look at dermal pathways.

Indoor Air 2012, 22 (5), 356-377.

Weschler, C. J., Beko, G., Koch, H. M., SalthamnierSchripp, T., Toftum, J., Clausen, G.
(2015). Transdermal uptake of diethyl phthalate dndn-butyl) phthalate directly

from air: experimental verificatiofenviron. Health Perspec015, 123(10), 928.

Wilson, N. K.; Chuang, J. C.; Lyu, C.; Menton, Rlprgan, M. K. Aggregate exposures of
nine preschool children to persistent organic pafits at day care and at honde.

Expo. Anal. Environ. Epidemid003, 13 (3), 187-202.

Wormuth, M.; Scheringer, M.; Vollenweider, M.; Huerguhler, K. What Are the Sources of
Exposure to Eight Frequently Used Phthalic AcideEstin EuropeansRisk Anal.

2006, 26 (3), 803—-824.

Xue, J.; Zartarian, V.; Tornero-Velez, R.; Tulve, 8. EPA’s SHEDS-multimedia model:
Children’s cumulative pyrethroid exposure estimated evaluation against NHANES

biomarker dataEnviron. Int.2014, 73, 304-311.

Zartarian, V.; Xue, J.; Glen, G.; Smith, L.; Tulvdl.; Tornero-Velez, R. Quantifying
children’'s aggregate (dietary and residential) expe and dose to permethrin:
application and evaluation of EPA’s probabilistidEDS-Multimedia modeld Expos

Sci Env. Epidemid?012, 22 (3), 267-273.

Zentai, A.; Szabd, 1. J.; Kerekes, K.; Ambrus, AslRassessment of the cumulative acute
exposure of Hungarian population to organophosgghpesticide residues with regard

to consumers of plant based fooBeod Chem. ToxicoR016.

34



Table 1: Publications including exposure aggregatio semivolatile organic compounds

Chemical dass Exposur e pathways Exposure modeling Aggr egation Comparison
References (year of (nb. of Source-to- External-to- Typeof Aggregation with
publication) P Source Media Route : Approach aggregated 9greg biomonitoring
publications) external dose | internal dose level
dose data
Food
Breast milk
. . Drinking water Dermal .
Ginsberg and Foos Dietary - ) External dose| Absorption I Average
(2016) Phthalates (1) Residential Indoor air Ingest|_on equation factors Deterministic Internal individual Yes
Indoor dust Inhalation
Indoor objects
Clothing
Musks (1)
Parabens (3) Dermal Dermal (Egt:srtr;grl]
Mitro et al. (2016) PFAAs (11) Residential Indoor air Ingestion Externa[ dose absorption | Deterministic | inhalation) _Av_e!’age No
Phenols (7) Indoor dust . equation individual
Phthalates (8) Inhalation factors Internal
RFRs (15 (dermal)
External dose . S
Gosens et al. (2014) Parabens (4 Personal cadleqts | Personal care produdts Dermgl equation and Absorption Determl_n_|st'|c Internal Individual No
Ingestion PACEM factors Probabilistic
. Dermal Dermal
Gaspar et al. (2014) Phthalates (2 Residential I:]nd%%?r datjlrst Ingestion Ex;erlrjlg:igrc])se absorption Probabilistic Internal ir?(:}/i?/{ggsl No
Inhalation q factors
Indoor air Dermal
Poet et al. (2014) OPs (1) Residential Indoor surface (carpe Inhalation PBPK/PD model Deterministig Internal Individual Yes
treated)
Dermal PBPK model and
Ortiz et al. (2014) PAHSs (1) Occupational Indoor a Inhalation simple one-compartment PK| Deterministic Internal Individual Yes
model
. Dermal
Xue et al. (2014) Pyrethroids (7 Du;tary_ Food . Ingestion SH.EDST PK model Probabilistic Internal _Av_e!’age Yes
Residential Indoor air - Multimedia individual
Inhalation
External
Gas phase Dermal External dose Dermal (ingestion, Average
Beko et al. (2013) Phthalates (5 Residential Particle phase Ingestion : absorption Probabilistic | inhalation) Averag Yes
- equation individual
Indoor dust Inhalation factor Internal
(dermal)
. . Dermal
Wei et al. (2013) Pyrethroids (1 Occupa_ltlona_l (aircraft Indoor air Ingestion PBPK model Probabilistic Internal .AYeTage Yes
disinfection) - individual
Inhalation
. Indoor dust
Pyrethroids (3) . . Dermal SHEDS- I Average
Wason et al. (2013) OPs (2) Residential Indoor surfaces Ingestion Multimedia Probabilistic Internal individual No

Soil
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Food
Dietar Indoor air Dermal
Beamer et al. (2012) OPs (2) Residen{ial Indoor dust Ingestion PBPK model Probabilistic Internal Individual Yes
Indoor surfaces and | Inhalation
toy
. Dermal
. . Dietary Food . SHEDS- o Average
Zartarian et al. (2012) Pyrethroids (1 Residential Indoor air Ilr?t?;zttli(())z Multimedia PK model Probabilistic Internal individual Yes
Food
. Indoor air Dermal :
Trudel et al. (2011) PBDEs (8) Dlgtary_ Indoor dust Ingestion Externa[ dose| Absorption Probabilistic Internal .AV_e_rage Yes
Residential Indoor surfaces Inhalation equation factors individual
Soil
Food
Roosens et al. (2010) PBDEs (6) Dietary l?;?j?)sc‘;rn;ilrk Ingestion | External dose No Probabilistic External Average No
' Residential indoor dust Inhalation equation individual
Soil
Food
. Breast milk ) :
Von Goetz et al. (2010) Phenols (1) Dlgtary_ Indoor air Ingestl_on Externa[ dose| Absorption Deterministic Internal .AV_e_rage Yes
Residential Indoor dust Inhalation equation factors individual
Dental sealings
PAHS (16) Dietary Occupational Drinlfi?loivater Dermal External dose Dermal (iﬁ)g(tgggg:]’ Average
Linares et al. (2010) PCBs (7) ( et?ochem?str ) Aigr’ Ingestion equation absorption Probabilistic | inhalation) individL?aI No
PCNs (5) P Y Soil Inhalation q factor Internal
(dermal)
Food
Drinking water
Lu et al. (2010) OPs (1) Dlgtary_ Indaor air Ingestl_on PBPK model Deterministic| Internal Individual Yes
Residential Indoor dust Inhalation
Toy surfaces
Soil
Food Dermal
Lorber (2007) PBDEs (9) D|_etary_ Indoor air Ingestion Simple one-compartment PK Deterministic Internal _Av_e!’age Yes
Residential Indoor dust Inhalation model individual
Soil
Food
Dietary Indoor air Dermal
Wormuth et al. (2006) Phthalates (8 Residential Outdoor air Ingestion Externa[ dose| Absorption Deterministic Internal .AV_e_rage es
Personal care products Indoor dust Inhalation equation factors individual
P Clothing
Personal care product
External
Dietar Food Dermal External dose Dermal (ingestion, Average
Duggan et al. (2003) OPs (31) Residen{ial Drinking water Ingestion equation absorption Deterministic | inhalation) individL?aI Yes
Non-dietary Inhalation q factor Internal
(dermal)
Wilson et al. (2003) OCs (9) Dietary Food Ingestion External dose No Deterministi¢ External Individua Yes
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OPs (2) Residential Indoor air Inhalation equation
PAHs (20) Outdoor air
PCBs (18) Indoor dust
Phenols (3) Soil
Phthalates (2)
External
. Food Dermal Dermal (ingestion,
Shurdut et al. (1998) OPs (1) ReDsI?dt:%ial Indoor air Ingestion EX;ZL”;!&?SE absorption Probabilistic | inhalation) ir’?&’ﬁ:’gg; Yes
Indoor surfaces Inhalation factor Internal
(dermal)

OCs = Organochlorines; OPs = Organophosphorus; RAGEProbabilistic aggregate consumer exposure mddaHs = Polycyclic aromatic hydrocarbons; PBDEs =
Polybrominated diphenyl ethers; PCBs = Polychldadéiphenyls; PCNs = Polychlorinated naphthaleRé®As = Perfluoroalkyl acids; RFRs = Replaceméarné retardants;
SHEDS-multimedia = Stochastic human exposure asd dionulation model for multimedia.
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Table 2: Publications performing cumulative riskessment (CRA) on semivolatile organic compounds

Number of SVOCsselection criteria CRA Toxicity indicators
Refer ences (_year chemicals
°f publcation cumulated Grouping by Dose Type of toxicological
Occurrence Toxicity chemical calculation Method Type Source yp endpoint 9 POD
class basis P
Li et al. (2016) Pyrethroids (7) con?aller};ei‘rgtion AChE inhibitors Yes Contzgwgaﬂon HI g?Dl na na na
. CBs (1) . AChE inhibitors N
Lozowicka et al. Dietary ; Contamination
(2016) OPs (_3) i contamination Sodium channel Yes data HI ADI EFSA na na
Pyrethroids (& modulator
. CBs (7) ) -
Quijano et al. Dietary S Contamination RPF - NOAEL
(2016) OPs (_12) ) contamination AChE inhibitors Yes data RPF ADI U.S. EPA AChE activity BMD
Pyrethroids (7
. N Boon et al. (2008)
Zentai et al. (2016) OPs (24) Dietary | AchE inhibitors Yes Contamination | ppe | RPF 1 cadas et al. (2006) AChE activity NOAEL
contamination data BMD1o
RfD JMPR
Effects on reproduction
. . . . TDI EFSA NOAEL
Urinary Multiple Biomonitoring and development
Gao etal. (2016) Phthalates (3) measurement | Anti-androgenic ves data HI Kortenkamp and Faust . . LOAEL
RfD ; Anti-Androgenic BMD
(2010
. Water, sediment A
Oglzzecl)dl%)e tal. OCs (13) and biota - Yes Contzgtlgatlon HI RfD U.S. EPA na na
contamination
. . _— EC
Jensen et al. (2015 Different classes of Dietary Multiple No Contamination HI ADI EFSA na na
' pesticides (20) contamination data
JMPR
Blaznik et al. CBs (4) Dietary AChE inhibitors No Contamination RPE RPF Boon et al. (2008) AChE activit IIIKO)::EIL_
(2015) OPs (10) contamination data RfD European commission Y BMD
10
Effects on reproduction
Kranich et al. . | Biomonitoring ol EFSA and development NOAEL
Phthalates (5) - Anti-androgenic Yes HI LOAEL
(2014) data Kortenkamp and Faust ) .
RfD Anti-Androgenic BMD
(2010)
Water ) Contamination U.S. EPA
Peluso et al. (2014 OCs (9) contamination Multiple Yes data HI RfD RIS na na
Residential RPE
Xue et al. (2014) Pyrethroids (7) (const_Jmer use) - Yes Contamination RPF U.S. EPA na na
Urinary data
measurement RfD
Contamination TDI EFSA Hepatotoxicit
Chang et al. (2014) Phthalates (7) - Anti-androggni Yes data HI WHO P Y na
RfD U.S. EPA Anti-Androgenic
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Effects on reproduction

. . . TDI EFSA NOAEL
Dewalque et al. Phthalates (4) Urinary Anti-androgenic Yes Biomonitoring HI and development LOAEL
(2014) measurement data Kortenkamp and Faust . .
RfD Anti-Androgenic BMD
(2010)
Dietary Effects on reproduction
Christensen et al. Phthalates (5 contamination |, oo enic Yes Biomonitoring HI ol EFSA and development NOAEL
(2014) ©) Urinary I-androgeni data - - LOAEL
measurement RfD Denmark EPA Anti-Androgenic
RPE Caldas et al. (2006)
. OPs (7) Dietary . Contamination U.S. EPA - NOAEL
Jardim et al. (2014) Pyrethroids (4) contamination Multiple Yes data RPF IMPR AChE activity BMD
RfD
U.S. EP4
CBs (7) ) AChE inhibitors — RPF Calculated
Lee(?gfsc)et al. OPs (26) con?all?;?r:gtion AChE inhibitors Yes Contz;:atlon RPF ADIRT na na
Phthalates (6) Anti-androgenic D EU Pesticide Database|
con?;r}:\ei‘rr\gtion Biomonitoring Hepatotoxicity NOAEL
Borg et al. (2013) PFASs (17) Urinary Multiple Yes data HI RfD Calculated Reproductive toxicity L(B),GEL
measurement
Re(s&%e;ﬂal Biomonitoring _
Beko et al. (2013) Phthalates (3) | contamination) | Anti-androgenic Yes dat_a ) HI TDI EFSA Effect(;s [tj)n relproductlon NOAEL
Urinary Contamination and development LOAEL
data
measurement
Kalantari et al. PCBS (5) Dietary Reduction of Yves Contamination Cor\;rlljb':ine RPF Kalantari et al. (2012) Hepatic retinoids na
(2013) contamination | hepatic retinoid data d MOE RfD Calculated Body/liver weights BMP
Dietary
contamination A ChE inhibition (plasma,
Be?gg)‘ir;t al. OPs (2) Residential | AChE inhibitors Yes Com‘;’j‘?t:a“o” ReF iy U.S. EPA RBC) et
(media ChE inhibition (brain)
contamination)
oI EESA Effects on reproduction
Sgeborg et al. Phthalates (4) Urinary Anti-androgenic Yes Biomonitoring HI and development NOAEL
(2012) measurement data Kortenkamp and Faust ] ] LOAEL
RfD Anti-Androgenic
(2010)
CBs (1)
Neonicotinoids (1) . N
Ragas et al. (2011) OCs (1) Dletgry ' Nervo_us system| Yes Contamination HI ADI EC na na
contamination Liver data WHO
OPs (2)
Pyrethroids (1)
Urinary . . Biomonitoring Effects on reproduction| NOAEL
Koch et al. (2011) Phthalates (3) measurement Anti-androgenic Yes data HI TDI EFSA and development LOAEL
Kortenkamp and 8&2 &; Contamination NOAEL
P - Anti-androgenic No HI RfD Calculated Anti-androgenic LOAEL
Faust (2010) Parabens (2) data BMDL
Phenols (1)
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Phthalates (5)
PBDEs (1)

Other classes of ADI EFSA
pesticides (4)

Chemical and

Linares et al. (2010 PAHs (3) pgtroche_rmcal - Yes Contamination HI RfD U.S. EPA na na
industries data
emission
Dietar Contamination RPF
Bosgra et al. (2009 OPs (31) ary AChE inhibitors Yes Combine RPF Calculated AChE activity BMD2o
contamination data d MOE
Biomonitorin RPF NOAEL
Benson (2009) Phthalates (5) - Anti-androgepic  Yes 9 RfD Calculated Anti-Androgenic LOAEL
data HI
BMDL
. A RPF Calculated
OPs (26) Dietary N Contamination - NOAEL
Boon et al. (2008) CBs (8) contamination AChE inhibitors Yes data RPF RID IMPR AChE activity BMDyo
Durmusoglu et al. Phenols (1) Tire industries Respiratory Contamination .
(2007) PAHSs (4) emissions irritation No data HI RfD U.S. EPA Not specific na
. P RPF Calculated

Caldas et al. (2006 OPs (22) Dietary | AchE inhibitors No Contamination | ppp AChE activity NOAEL
CBs (3) contamination data RfD IMPR BMD 1o

OPs commonly

Castorina et al applied Biomonitorin RPF
’ OPs (11) that metabolize| AChE inhibitors Yes 9 | combine RPF Calculated AChE activity BMD 1o
(2003) . data
dialkyl d MOE
compounds

AChE = acetylcholinesterase; ADI = Acceptable daitpke; CBs = Carbamates; DNEL = Derived no effeeel; EC = European Commission; HI = Hazard indé¢® = Hazard
quotient; JIMPR = Joint FAO/WHO Meeting on PesticRiesidues; MOE = margin of exposure; na = not abésl OCs = Organochlorines; OPs = OrganophosphBrills =
Polycyclic aromatic hydrocarbons; PCBs = Polychiatéd biphenyls; PFAs = Perfluoroalkoxy alkanesDP©OPoint of departure; POPs = Persistent orgaailuiants; RBC =
Red blood cell; RfD = Reference dose.
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