
Ιntegrated External and Internal Exposure Modelling Platform (INTEGRA)

[bookmark: _GoBack]Dimosthenis Α. Sarigiannis1,2,3*, Spyros P. Karakitsios1,2,Evangelos Handakas1, Alberto Gotti1,3

1 Aristotle University of Thessaloniki, Department of Chemical Engineering, Environmental Engineering Laboratory, 54124 Thessaloniki, Greece 
2 Centre for Research and Technology Hellas, Chemical Process and Energy Resources Institute, Natural and Renewable Resource Exploitation Laboratory, 57001 Thessaloniki, Greece
3 Institute for Advanced Study (IUSS), Environmental Health Engineering, Piazza della Vittoria 15, 27100 Pavia, Italy


*CORRESPONDING AUTHOR:
Assoc. Prof. Dimosthenis Sarigiannis
Director,
Environmental Engineering Laboratory
Department of Chemical Engineering
Aristotle University of Thessaloniki
University Campus, Bldg. D, Rm 201
54124 Thessaloniki, Greece
tel. +30-2310-994562
e-mail: denis@eng.auth.gr
ABBREVIATIONS
AC50: Concentration at half maximal Activity
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BPA-Glu: Bisphenol A glucuronidated
BPA-Sulf: Bisphenol A sulfated
BPAD: Biological Pathway Altering Dose 
BE: Biomonitoring Equivalent
BED: Biologically Effective Dose 
EFSA: European Food Safety Authority
ERCs: Environmental Release Categories
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INTEGRA: Ιntegrated External and Internal Exposure Modelling Platform
NOAEL: No Observed Adverse Effect Level
PBTK: Physiologically Based ToxicoKinetic
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QSAR: Quantitative structure-activity relationship
RfC: Reference Concentration
RfD: Reference Dose 
t-TDI: temporary Tolerable Daily Intake
WHO: World Health Organization




[bookmark: _Toc398109819][bookmark: _Toc458705060]Abstract
The current study aims at a comprehensive risk characterization of bisphenol A (BPA) supported by an integrated exposure modelling framework that comprises far field and near field exposure modelling coupled to a dynamic lifetime PBTK model. Exposure analysis was done on European data of BPA food residues and human biomonitoring (HBM). The latter were further assimilated through an advanced exposure reconstruction modelling framework to estimate the corresponding external and internal systemic dose of BPA and its metabolites. Special attention was paid on the assessment of exposure to BPA during critical developmental stages such as gestation by modelling the mother-fetus toxicokinetic interaction. Our findings showed that current exposure levels in Europe are below the temporary Tolerable Daily Intake (t-TDI) of 4 μg/kg_bw/d proposed by the European Food Safety Authority. Taking into account age-dependent bioavailability differences, internal exposure of premature neonates hosted in intensive care units was reckoned close to the biologically effective dose (BED) resulting from translating the EFSA temporary total daily intake (t-TDI) into equivalent internal dose. Use of the ToxCast21 Biological Pathway Altering Dose (BPAD) as an alternative internal exposure reference value, resulted in increased margins of safety compared to the conventional exposure/risk characterization scheme.
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Exposure to BPA and the potential adverse health effects constitute one of the hottest public health topic. The main controversy regards the toxicokinetic behavior of BPA; although BPA glucuronidation (the dominant detoxification mechanism) is complete and rapid, due to the reduced metabolic capacity of infants-neonates, there is still ample opportunity for internal exposure (Edginton and Ritter, 2009; Ginsberg and Rice, 2009). Existing biomonitoring studies regarding BPA exposure cannot provide valuable information with regard to toxicokinetics, because almost all of them track only urinary metabolites (BPA-glu), rendering them useful only for assessing the overall uptake. Due to the rapid metabolism of BPA to BPA-glu, the extent of binding (a fraction of 0.95) to red blood cells and plasma proteins, and limitations of the analytical techniques, the related biomonitoring studies either fail to detect free-BPA in the plasma or the detected values are attributed to background contamination from labware and indoor dust (Dekant and Völkel, 2008). The latter hypothesis is, however, strongly contested (Vandenberg et al., 2010). Contradiction is further amplified by toxicity testing results. BPA was found to produce adverse neurodevelopmental effects in rats given an oral dose that was considered environmentally relevant; the results were, however, seriously criticized by regulatory authorities (EFSA, 2006, 2008) mainly based on the validity of the applied methods (not GLP compliant). Additional arguments included the relevance of bioavailability for the same normalized oral dose among rodents and humans, due to substantial differences in the BPA excretion mechanism (for humans only via urine, for rodents via feces and urine due to hepatobilic recirculation) and the consequent rates of elimination (elimination half-lifeof 5.3 h and 10.5h for humans and rodents respectively).
There are four critical reviews targeting the main controversies about BPA. Ginsberg and Rice (2009) focused on the toxicokinetic arguments, providing a comprehensive review on biomonitoring data and the uncertainties that relate to perinatal and infancy detoxification pathways. They report that beside the detoxification pathways of glucuronidation and sulfation, the presence of enzymes necessary for infant development is also responsible for BPA-Gludeconjugation, possibly increasing the bioavailability of BPA. Vandenberg et al. (2009), besides their own contribution to BPA toxicity testing, compiled an informative review on the overall controversies (exposure, toxicokinetics and toxicity testing) and the way in which regulatory authorities evaluate the research findings, highlighting the importance of non-monotonic dose-response relationships and the related effects of low doses, as well as the increased susceptibility during the critical periods of perinatal and neonatal exposure. Beronius et al. (2010) published a critical review on the BPA risk assessment reports issued by regulatory authorities worldwide, illustrating the impact of differences in risk assessment policy and expert judgment and highlighting the importance of transparency in the risk assessment process. The latest review paper written by Vandenberg (2010) relies on the widespread exposure to BPA evaluating more than 80 biomonitoring studies including a variety of biological fluids and BPA forms (conjugated or free), and focusing on the reliability of studies measuring free BPA in the plasma. The authors concluded that the majority of the studies detecting non negligible free-plasma BPA concentrations in blood fulfill the criteria for considering them as reliable and as such they should be taken into account in the risk assessment process.      
Preliminary efforts to develop PBTK models for BPA were made by Shin et al. (2004) and Teeguarden et al. (2005), but the most comprehensive model, which clearly illustrated metabolic scaling from adults to neonates-infants was developed by Edginton and Ritter (2009). The core finding of their study was that BPA plasma concentrations could be approximately elevent times greater in newborns than in adults exposed to the same weight-normalized dose. In the latest published BPA PBTK model (Mielke and Gundert-Remy, 2009), sulfation was included as an additional metabolic pathway, considering that sulfation activity is well expressed in newborns and it is at least as high as in adults, or even higher. Besides the importance of the additional clearance pathway, this model was much more simplified than the one developed by Edginton and Ritter, with significantly fewer compartments, without considering BPA binding to red blood cells, and without estimating the fate of conjugated metabolites. The estimated steady-state free plasma BPA concentrations in neonates and infants were lower than the ones estimated by Edginton and Ritter due to the addition of sulfation.
The present studyaims to quantify external and internal exposure to BPAand to assimilate biomonitoring data in Europe using the integrated modelling framework of theINTEGRA computational platform (Sarigiannis et al., 2014).  The overall modelling frameworkis compiled in a software package (asclXtreme) which allows dynamic simulations through time (not only steady state estimates), as well as implementation of Monte Carlo (MC) sensitivity, uncertainty and variability analysis. INTEGRA is a web-based platform that allows ready access to integrated external and internal exposure modeling to users. Continuous simulation through time allowed the development of a mother-fetus PBTK model parameterized for BPA and its glucuronidated form (BPA-Glu) taking into account the changes in physiologic and metabolic parameters that occur during gestation and early in life. Absorption processes through all potential exposure routes (oral, inhalation and dermal) have been incorporated aiming at investigatingroute dependent bioavailability differences in BPA.Finally, exposure was reconstructed based on recent European biomonitoring data using an exposure reconstruction algorithm. 
[bookmark: _Toc458705063]MATERIAL AND METHODS
[bookmark: _Toc458705064]Integrated exposure modelling framework
Aggregate exposure assessment is data-intensive, requiring detailed information at every step of the source-to-dose pathway. To accommodate these needs, the INTEGRA modelling framework (Sarigiannis et al., 2014)aims at bringing together all available information for assessing the source-to-dose continuum for the entire life cycle of substances covering an extensive chemical space. The major component of INTEGRA (Figure 1) is an integrative computational platform that comprises environmental fate, exposure and internal dose dynamically in time using a Markov chain Monte Carlo (MCMC) probabilistic analysis framework. The INTEGRA platform includes the following components:
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[bookmark: _Ref463962041]Figure 1. Conceptual representation of the INTEGRA methodological framework

	1.	Multimedia model to account for multi-scale (far field exposure) interactions affecting the environmental transport and fate of chemicals:The multimedia environmental modelling framework for INTEGRA, follows the ECHA guidance on information requirements and chemical safety assessment (ECHA, 2012). All different spatial scales (local, regional, continental and global), media exchange (air, soil, water, sediment and transfer to food items such as crops, meat, milk and fish) and environmental processes (emissions, advection, diffusion, and degradation) used in EUSES (Lijzen, 2004) were taken into account. 
	2.	Indoor micro-environmental modelling and detailed personal exposure assessment (near field exposure): In terms of indoor microenvironments, a two-zone model was developed (Sarigiannis et al., 2012b), also accounting for partitioning among gaseous, particles and settled dust phase (Sarigiannis et al., 2012a). Exposure is explicitly described for each pathway and route of exposure, taking into account all the age and gender exposure modifiers, such as activity based inhalation rate, dietary patterns and intake rates per food item, amount of soil and dust ingested or hand-to-mouth behaviour.
	3.	A generic PBTK model that captures satisfactorily life stage changes and physiological and metabolic efficiency change over an individual’s lifetime (from conception till 80 years of age): The generic PBTK model developed in INTEGRA is designed to describe in as much as possible detail the ADME processes occurring in the human body at different life stages, so as to be easily applicable to a broad variety of chemicals after proper parameterization. The model in its generic form includes the parent compound and up to three generations of potential metabolites(Sarigiannis et al., 2014). Advanced QSAR models are used to estimate physicochemical and biochemical parameters of the model in order to expand its applicability domain to a large chemical space. All major human organs are included, as well as arterial, venous, and portal blood compartments. Xenobiotics and their metabolites are linked through the metabolizing tissues. This is mainly the liver, but also other sites of metabolism might be considered (intestine, brain, skin, placenta) based on the presence or not of the enzymes involved in the metabolism of the compound of interest. The mass balance equation for each compartment describes all appropriate parameters carrying biological significance, such as absorption, metabolism, elimination, and protein binding. In practice, in each tissue three mass balance equations are written, for (a) red blood cells, (b) plasma and interstitial tissue and (c) cells, allowing the application of the model to both flow limited, as well as membrane-limited compounds. Specific organs were further divided in sub-compartments: liver is divided in up to 5 compartments so as to better describe the distribution of enzymes, and brain is divided in four sub-compartments, namely, main brain, globuspalidus, cerebellum and pituitary, so as to better describe the permeability differences among the different brain regions. The model describes mother fetus interactions by modelling the intra-placental properties that govern the transfer of xenobiotics and their metabolites from the mother to the fetus as it grows. The anthropometric parameters of the models are time dependent, so as to provide a lifetime internal dose assessment, as well as to describe the continuously changing physiology of the mother and the developing fetus. The model include the diffusion flow from uterus to placenta and vice-versa during pregnancy (Beaudouin et al., 2010). Excretion via lactation is described as an output from the mammary tissue compartment through a partitioning process between mammary tissue and milk, and milk withdrawal by suckling, as described for PCBs in rats (Lee et al., 2007) and further adopted for humans (Verner et al., 2008). The model includes also a detailed description for the three main routes of exposure. Inhalation takes into account absorption of gases and deposition fractions of particles across the different human respiratory tract regions based on particles size distribution. Absorption through the oral route is governed by the absorption rates of stomach and intestine. To better describe dermal absorption, skin has been modeled as a two layer structure, including stratum corneum that has been described as a “bricks and mortar” structure (Touitou, 2002) and viable epidermis (also accounting for metabolism), where the geometry of all layer microstructure has been explicitly described (Mitragotri et al., 2011).
Particular considerations regarding BPA toxicokinetics
The main detoxification pathway of BPA is phase II glucuronidation (and sulfation at early developmental stages). Thus, in our model, we account for the parent compound (BPA) and one metabolite (BPA-Glu and BPA-Sulf for fetus and early infancy). Glucuronidation and sulfation capacities throughout the several developmental stages are critical parameters of the BPA toxicokinetic model. Taking into account the physiologically-based approach for scaling to children (Edginton et al., 2006) and the later findings regarding the ontogeny of enzymes involved in BPA detoxification (Court et al., 2012; Leeder, 2009), clearance rates were adjusted taking into account the findings of Fisher et al. (2011) and assuming an age-dependent bioavailability difference factor of 2. Additional parameters such as tissue:blood partition coefficients, intrinsic clearance and renal clearance, that are needed for the parameterization of the generic model so as to capture BPA toxicokinetics, have been obtained from Edginton and Ritter (2009). The most recentexvivo and in vivo experiments have shown that BPA freely diffuses across the human placenta (Balakrishnan et al., 2010). De-conjugation kinetics in the placenta was determined empirically based on experimental findings (Balakrishnan et al., 2010; Schonfelder et al., 2002; Takahashi and Oishi, 2000), where concentration in the placenta was found to be almost twice the one in maternal blood. Regarding lactation, in order to estimate the total amount of BPA to which the infant is orally exposed, the sum of BPA and BPA-Glu in breast milk has to be accounted for. Finally, metabolism in the skin was also taken into account; indeed based onexperimental results that compared BPA diffusion in fresh human explants, it was found that BPA was extensively metabolized in viable epidermis, accounting for 27% of the daily administered dose (Zalko et al., 2011).
	4.	Inverse modelling module for exposure reconstruction and human biomonitoring (HBM) data assimilation:The PBTK model is geared with reverse modeling algorithms in order to reconstruct exposure from human biomonitoring (HBM) data. Assimilation of human biomonitoring data and their translation into intake distribution amounts to a computational inversion problem, where the objective is to identify the specific input distributions that best explain the observed outputs while minimizing the residual error. Inputs involve spatial and temporal information on micro-environmental media concentrations of xenobiotics and corresponding information on human activities, food intake patterns or consumer product use that result in intakes; outputs are the observed biomonitoring levels. More in detail, a computational framework was developed based on Bayesian Markov Chain Monte Carlo (MCMC) combined with the generic Physiological Based Pharmacokinetic (PBTK) model aiming at performing accurate exposure reconstruction. Differential Evolution (DE) and MCMC algorithms have been combined to this problem for the first time. The PBTK model has been combined with the Bayesian MCMC (Gilks and Roberts, 1996; Haario et al., 2006) and DEMC (Ter Braak, 2006) techniques in order to simulate and calculate the exposure value that fits best the observed HBM data. The conceptual framework for exposure reconstruction of the process described above is graphically illustrated in Figure 2.
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[bookmark: _Ref427249873]Figure 2. Exposure reconstruction conceptual framework
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[bookmark: _Toc458705066]Exposure scenario definition
The identification of exposure scenarios was based on the evaluation of (a) emissions from manufacturing comprising production of polycarbonate, epoxy resins, PVC and thermal paper production and processing and (b) releases and exposure from consumer products comprising polycarbonate bottles, epoxy resin coating, medical equipment and thermal paper.The overview was based on the EU risk assessment reports (EU, 2003, 2010), but not limited to these data. 
Based on the above, several individual exposure scenarios and their possible combinations were derived as explicitly described in Table 1. Environmental (far field) components of BPA exposure are present in all plausible exposure scenario aggregation schemes, including (a) inhalation exposure through ambient air contamination, (b) dietary exposure through food web contamination and (c) non-dietary oral exposure of soil ingestion. Near field exposure included (a) inhalation exposure through indoor air contamination; (b) dietary exposure through canned food items and canned beverages; (c) non-dietary oral exposure of settled dust ingestion; and (d) dermal exposure through contact with thermal paper for the cashiers. Limitations in the plausibility of consumer scenarios are related to age groups considered (e.g. breast feeding neonates/infants, premature infants hosted in intensive care units). The detailed individual dietary scenarios for adults related to several types of canned food (i.e. soup, meat, tuna, fruits and vegetables) were also investigated for toddlers, children and cashiers, but for parsimony reasons they are presented in detail only for adults.

[bookmark: _Ref427277317]Table 1. Exposure scenarios and plausible combinations
	Age group and scenario
	Near field exposure
	Far field exposure

	
	Oral
	Skin
	Inhalation
	Oral
	Skin
	Inhalation

	Infants premature hosted in intensive care units
	X
	
	X
	
	
	X

	Infants/neonates breast fed
	X
	
	X
	X
	
	X

	Infants bottle fed/infant formula
	X
	
	X
	X
	
	X

	Infants consuming canned food
	X
	
	X
	X
	
	X

	Infants consuming canned food and canned beverages
	X
	
	X
	X
	
	X

	Toddlers consuming canned food
	X
	
	X
	X
	
	X

	Toddlers consuming canned beverages
	X
	
	X
	X
	
	X

	Toddlers consuming canned food and canned beverages
	X
	
	X
	X
	
	X

	Children consuming canned food
	X
	
	X
	X
	
	X

	Children consuming canned beverages
	X
	
	X
	X
	
	X

	Children consuming canned food and canned beverages
	X
	
	X
	X
	
	X

	Teens consuming canned food
	X
	
	X
	X
	
	X

	Teens consuming canned beverages
	X
	
	X
	X
	
	X

	Teens consuming canned food and canned beverages
	X
	
	X
	X
	
	X

	Adult consuming canned soup 
	X
	
	X
	X
	
	X

	Adult consuming canned meat 
	X
	
	X
	X
	
	X

	Adult consuming tuna
	X
	
	X
	X
	
	X

	Adult consuming canned fruits
	X
	
	X
	X
	
	X

	Adult consuming canned vegetables
	X
	
	X
	X
	
	X

	Adult consuming canned food
	X
	
	X
	X
	
	X

	Adult consuming canned beverages
	X
	
	X
	X
	
	X

	Adult consuming canned food and canned beverages
	X
	
	X
	X
	
	X

	Cashier
	
	X
	X
	X
	
	X

	Cashier, consuming canned food
	X
	X
	X
	X
	
	X

	Cashier, consuming canned beverages
	X
	X
	X
	X
	
	X

	Cashier, consuming canned food and canned beverages
	X
	X
	X
	X
	
	X



[bookmark: _Toc458705067]Acquisition of exposure related data
Intake estimates
In order to estimate population exposure to BPA, a comprehensive methodological scheme was followed. This included the acquisition of data related to environmental releases of BPA, as well as BPA food residues, stemmingeither through the food web (transfer through the environment) or by food contact materials (e.g. cans and polycarbonate bottles). Environmental contamination included also pathways such as air,soil, drinking water and settled dust. Data for environmental releases with regard to the several manufacturing processes were retrieved from the EU risk assessment reports (EU, 2003, 2010).Indicatively we report that indoor dust concentration in Belgium ranged from 535 to 9729 ng/g (Geens et al., 2009) and in Germany from 117 to 1486 ng/g (Volkel et al., 2008).
Exposure to breast fed infants was estimated based on data related to BPA found in human milk. Through lactation, besides free BPA, BPA-glu is also excreted. For estimating the total amount of BPA that the infant is orally exposed, the sum of free BPA and BPA-gluneeds to be taken into account, since all conjugated BPA is cleaved in the gastrointestinal tract. BPA levels in breast milk have been found to range from 0.05 to 1.16 μg/kg (Deceuninck et al., 2015). The average daily breast milk intake is 13 g/kg bw on the first day of life, increases gradually 98 g/kg bw on day 3, and reaches a relatively constant level of 155 g/kg bw from day 5 (Casey et al., 1986).
With regard to the main sources of exposure, a wide variety of BPA concentration levels were found in infant formula, ranging from 0 to 0.384 μg/g based on samples from Italy and Spain (Ferrer et al., 2011), Greece (Maragou et al., 2006) and UK (Goodson et al., 2002). The concentrations of BPA found in commercial canned milk samples from Greece ranged from <0.0017 to 0.0152 μg/g (Maragou et al., 2006). The calculated mean concentration of evaporated milk from UK was 0.0498 ±0.0109 μg/g (Goodson et al., 2004), while in the same study canned baby food mean BPA levels were in the range of 0.03 μg/g.  BPA concentration values of powdered milk (skimmed milk) from Spain (Ferrer et al., 2011) were higher (0.8 μg/g) than in the other countries. 
BPA levels were determined in peeled canned tomatoes of different brands found in Italian supermarkets. Of the 42 tomato samples that were tested, BPA was detected only in 22 samples (52.4%). This implies that the presence of bisphenol A in peeled tomatoes does not necessarily arise from their packaging in cans. Tomato samples analyzed were packaged in cans coated with either epoxyphenolic lacquer or low BADGE enamel. However, no significant difference in bisphenol content exists between epoxyphenolic and low BADGE coated cans (Grumetto et al., 2008). BPA values from other European countries are in consistent with the Italian values from cans with epoxyphenolic lining (Braunrath et al., 2005; Geens et al., 2010; Goodson et al., 2002). BPA concentrations were determined in canned corn as well (Braunrath et al., 2005; García-Prieto et al., 2008; Goodson et al., 2002). Values varied from 0.016 (in UK) to 0.0674 μg/g (in Belgium). The maximum value of 0.103 ±0.003 μg/g BPA appeared in green beans in Spain (García-Prieto et al., 2008).
Different canned fruit samples were analyzed by García-Prieto et al. (2008) in Spain, Braunrath et al. (2005) in Austria and Geens et al. (2010) in Belgium in order to determine BPA in the solid content of fruit salad, peaches, pears, pineapples, lychees and mango. BPA was present at concentrations in the range from 0.005 to 0.0244 μg/g in canned fruits. A significantly high BPA value of 0.024 μg/g was found in mango fruit by García-Prieto et al. (2008) and Braunrath et al. (2005) while a very low value of 0.0002 μg/g was detected in applesauce in Belgium (Geens et al., 2010). 
Various studies have focused on BPA concentration in canned fish. In the case of tuna, mackerel and sardines BPA concentrations were determined in both solid and liquid portions, although solid portions comprise the parts of the can content that are actually consumed. The highest BPA values were found in tuna in brine (0.1693μg/g) and in tuna in oil (0.1264 μg/g) (in fish portion) in Belgium (Geens et al., 2010). The lowest values (0.0009 μg/g) were found in salmon (0.0007 μg/ml, in liquid portion) and in anchovy (0.0009 μg/g)(Geens et al., 2010). A variety of canned products such as soups, meat, spaghettis and desserts have been examined for BPA migration. Concentrations ranged from <0.001 to 0.1 μg/g, except for canned soup, ham and spaghetti Bolognese (heated in water) which were 0.4, 0.38 and 0.12 μg/g, respectively (Braunrath et al., 2005; Goodson et al., 2004; Goodson et al., 2002). Geens et al. (2010) examined similar types of food items packed in materials other than cans, such as paper, plastic, glass and Tetra Pak for comparison purposes. The food in these packing materials had clearly lower BPA contamination (average concentration 0.00046 μg/g) compared to similar canned food.
In terms of canned beverages, low BPA levels ranging from non-detectable to <0.007 μg/ml were found in beer (Braunrath et al., 2005; Geens et al., 2010; Goodson et al., 2002). BPA concentrations in cola ranged between 0.000225 and 0.0007 ±0.0001 μg/ml(Braunrath et al., 2005; Gallart-Ayala et al., 2011; Geens et al., 2010), while Goodson et al. (2002) had not detected BPA in bottles containing cola. According to Ballesteros-Gómez et al. (2009), BPA was detected only in one tea sample (0.0023 ±0.0001 μg/ml) out of the two that were examined. Gallart-Ayala et al. (2011) confirmed the presence of BPA at MLD (Method limits of detection) level (5 ng/lit) in tea samples and Geens et al. (2010) detected very small values (0.00069 μg/ml). Very low BPA concentrations were also detected in soda drinks (Ballesteros-Gómez et al., 2009; Gallart-Ayala et al., 2011; Geens et al., 2010). Only Braunrath et al. (2005) had detected BPA in small quantities in soft drinks. Neither Ballesteros-Gómez et al. (2009) nor Goodson et al. (2002) had detected BPA in similar samples. Geens et al. (2010) also examined beverages in PET and Tetra Pak for comparison purposes and BPA could not be detected above LOQ (0.02 ng/ml) in these bottles.
[bookmark: _Toc398109834]Dermal exposure to BPA was based on the study carried out byBiedermann et al.(2010), indicating a maximum additional uptake up to 71 μg of BPA during a 10 hours shift of a cashier. This result is derived by exposing skin to thermal paper and it is considered as the upper part of exposure distribution through contact to thermal paper. 
Human biomonitoring data
An additional way to estimate exposure and intakeis the use of biomonitoring data. Similarly to above, data were collected from a literature review. BPA urinary concentrations are age- dependent, reflecting the differences in consumer exposure related to food packaging material (canned food, milk formula, use of plastic baby bottles). The restriction of BPA use in baby bottles in EU countries in 2011, accompanied by the increasing public awareness about potential adverse health effects of BPA resulted in a decline of measured BPA levels. In the most recent studies, urinary BPA (in the form of the glucuronidated metabolite) measured levels are about 2 μg/L. BPA urinary concentrations measured in Germany (GerES) depend on children’s age: they were 3.5, 2.8, 2.1 and 2.6 μg/L for children aged 3-5, 6-8, 9-11 and 12-14 years old respectively. Similar levels (2.5 μg/L) were recorded in France (Vandentorren et al., 2011) for pregnant women,. According to the German ESB (UBA, 2012) urinary concentrations of BPA declined from 2 μg/L in 1995 to 1.3 μg/L in 2009. The DEMOCOPHES (2013) study provided results for urinary BPA levels in Belgium (2.6 μg/L), Denmark (2.2 μg/L), Luxembourg (1.9 μg/L), Slovenia (2.1 μg/L), Spain (2.1 μg/L) and Sweden (1.4 μg/L) (Covaci et al., 2014).
A specific vulnerable group that had to be included in the study is premature infants hosted in intensive care units.Exposure of premature infants to BPAwas based on the biomonitoring data of Calafat et al. (2009), wherethe BPA geometric mean urinary concentration (30.3 μg/L) among premature infants undergoing intensive therapeutic medical interventions was one order of magnitude higher than that among the general population. Considering a urine volume of about 0.3L, this corresponds to an average daily intake up to 2.6 μg/kg-bw.Considering the similarities of medical practices and equipment used between USA and Europe, although not European thedata of Calafat et al (2009) were included in our review, sincetheir study is the only one providing information on this vulnerable group as well as.


Table 2. Bisphenol A biomonitoring levelsfrom several European national surveys
	Country – study name
	Population group
	Mean
	Median
	Reference

	Belgium - Democophes
	Mothers (≤45 years)
	
	2.6
	(Covaci et al., 2014)

	Denmark - Democophes
	Mothers (≤45 years)
	
	2.2
	

	Denmark - Copenhagen Puberty Study
	Children and adolescents (5-9 years)
	2.3
	
	(Frederiksen et al., 2014)

	
	Children and adolescents (10-13 years)
	1.5
	
	

	
	Children and adolescents (14-20 years)
	0.7
	
	

	Denmark - Copenhagen Study on Male Reproductive Health
	Young men
	3.2
	
	

	Denmark - Odense Child Cohort
	Pregnant women
	1.5
	
	

	France - ELFE
	Pregnant women
	2.5
	2
	(Vandentorren et al., 2011)

	Germany - ESB
	Students (<2000) - Münster
	
	2.0
	(UBA, 2012)

	Germany - ESB
	Students (≥2000) - Münster
	
	1.4
	

	Germany - GerES
	3-14 years
	2.7
	2.7
	(Becker et al., 2009)

	Germany - GerES
	3-5 years
	3.5
	3.6
	

	Germany - GerES
	6-8 years
	2.8
	2.7
	

	Germany - GerES
	9-11 years
	2.1
	2.2
	

	Germany - GerES
	12-14 years
	2.6
	2.4
	

	Italy - InCHIANTI
	20-40 years
	4.4
	4.3
	(Galloway et al., 2010)

	
	41-65 years
	3.9
	3.7
	

	
	66-74 years
	3.3
	3.2
	

	Luxembourg - Democophes
	Mothers (≤45 years)
	
	1.9
	(Covaci et al., 2014)

	Netherlands - Generation R
	Pregnant women (18-41 years)
	1.2
	1.1
	(Ye et al., 2008)

	Slovenia - Democophes
	Mothers (≤45 years)
	
	1.2
	(Covaci et al., 2014)

	Spain - INMA
	Pregnant women
	2.2
	
	(Casas et al., 2011)

	Spain - INMA
	Children (4 years)
	4.2
	
	

	Spain - Democophes
	Mothers (≤45 years)
	
	2.1
	(Covaci et al., 2014)

	Sweden - Democophes
	Mothers (≤45 years)
	
	1.4
	

	
	Premature infants
	30.3
	
	(Calafat et al., 2009)



[bookmark: _Toc458705068]Risk characterization
Risk characterization of BPA was carried out employing several tools related to external and internal exposure assessment. As a starting point the EFSA temporary Tolerable Daily Intake (t-TDI) value of 4 μg/kg_bw/d was used(EFSA, 2015). The options for evaluating exposure levels included:
a. Direct comparison of intake estimates to EFSA t-TDI of 4 μg/kg_bw/d.
b. Use of a biomonitoring equivalent (BE) valuefor urinary data. A BE is defined as the concentration of a chemical or metabolite in a biological medium that is consistent with an existing exposure guidance value criteria including reference doses and reference concentrations (RfD and RfCs), minimal risk levels (MRLs), or tolerable daily intakes (TDIs) (Hays et al., 2007). The external exposure threshold used for deriving the BE value was theEFSA t-TDI of 4 μg/kg_bw/d. To derive the BE value, we assumed that this dose is given orally to an adult of 70 kg at a constant rate during the day. This dose was then used as input for the PBTK model described above. Based on these assumptions, the corresponding BE value was calculated equal to 320μg/Lurinary BPA-Glu.
Since BPA is characterized by rapid clearance, all BPA entering during the day is excreted in urine. Although urine sampling of excreted BPA is representative for the overall daily intake (from all routes), it does not provide any information about internal exposure variability. In order to come up with a more realistic metric for associating intake to internal exposure, free plasma BPA was considered as the most descriptive metric, directly associated to Biologically Effective Dose (BED). This was used in order to capture discrepancies between internal and external exposure due to age-dependent differences in the rate of clearance, bioavailability differences based on the route of exposure and intraday variability of internal dose due to the complexity of exposure scenarios and the differences in absorption to systemic circulation, related to the route of exposure. In order to associate the risk of the several exposure scenarios based on the Biologically Effective Dose (BED) derived by the PBTK model, two different exposure metrics were used:
1. The EFSA t-TDI of 4 μg/kg_bw/d was translated into internal exposure, found to correspond to a concentration of 0.013μg/L of free plasma BPA.
2. The use of internal dosimetry metrics allows the use of in vitro toxicological data for risk characterization. In this case, instead of translating an external reference dose such as the EFSA t-TDI (obtained from in vivo animal NOAEL extrapolation), an in vitroreference dose was used. The dose used, the biological pathway altering dose (BPAD), is analogous to current risk assessment metrics in that it combines dose−response data with analysis of uncertainty and population variability so as to derive exposure limits (Judson et al., 2010; Judson et al., 2011). The analogy is closest when perturbation of a pathway is a key event in the mode of action (MOA) leading to a specified adverse outcome. The ToxCastBPA in vitroassays provided six ER agonist or binding AC50 values for BPA, ranging from 0.6 to 1.7 μM. To calculate a conservative Biological Pathway Altering Dose (BPAD), the lowest ToxCast AC50 was selected, which is 0.64 μM for Attagene Factorial cis ERE assay (Judson et al., 2010; Judson et al., 2011). Incorporating uncertainty factors related to population response to xenobiotics, two different values are produced, namely the BPAD99, which is the permissible exposure level that accounts for population variability, and BPADL99, which is the permissible exposure level additionally accounting for uncertainty. By using the reverse toxicokinetics approach that accounts for the concentration at steady state divided by the dose rate, the respective estimated population parameters give a BPAD99 of 0.44 μg/kg_bw/d, with lower one-sided confidence limit, BPADL99, of 0.16 mg/kg/day(Judson et al., 2011). Using these external exposure values in our PBTK model, we derive equivalent internal dose of 1.44 and 0.52 μg/L respectively. These concentrations arealmost twoorders of magnitude higher than the BED derived from the EFSA t-TDI (0.013 μg/L).

[bookmark: _Toc398109830][bookmark: _Toc458705069]RESULTS
[bookmark: _Toc398109832][bookmark: _Toc458705070]External exposure estimates
[bookmark: _Toc458705071]External exposure estimation based on exposure scenarios
Exposure analysis in this study was carried out through the use of probabilistic data (food residues) and detailed multimedia environmental modelling, taking into account actual emissions to the environment for estimating far field exposure, rather than default values based on the overall production volume and the relevant environmental release categories (ERCs), as described by ECHA (ECHA, 2012). Calculated dailyintake for humans exposed via the environmental media includes oral exposure from drinking water, fish, root crops, meat, milk, and inhalation. The aggregate (total) daily dose from all environmental media is in general very low, indicating an almost negligible contribution to the overall uptake (0.0009μg/kg_bw/d for oral and 1E-10 μg/kg_bw/d for inhalation). With regard to near field exposure, non-dietary ingestion of dust contributes to an exposure of almost 0.01μg/kg_bw/day to infants, due to the high amount  of dust daily ingested (up to 0.5 g/d) by this population group (Wormuth et al., 2006). For the rest of the age groups, BPA intake through settled dust is below 0.001 μg/kg_bw/d. 
Among the remaining exposure scenarios, the higher intake values regarded premature infants hosted in intensive care units (1.6μg/kg_bw/d). For infants consuming milk formula or canned food and canned beverages, intake was around 0.5μg/kg_bw/day. Toddlers consuming canned food and canned beverages had a higher intake up to 0.7μg/kg_bw/d which is still significantly below the EFSA t-TDI. The higher intake of toddlers is the result of the higher daily amount of food consumed compared to the other age groups, when these values are normalized with bodyweight. Among the adult scenarios, cashiers had the highest intake, with an average value of 0.32 μg/kg_bw/d. 

[bookmark: _Toc458705072]Validation of external exposure estimates using human biomonitoring data
The conservative nature of the bottom-up intake calculation is also verified by estimating intake from real-life HBM data. Using the measured urinary concentration of total BPA CBPA (μg/L), the daily bodyweight normalized BPA intake D was calculated by the following formula:


where Vurine is the urinary output rate and BW is the body weight (LaKind and Naiman, 2008). It has to be noted that although the method provides sufficient results when daily intake is based on total daily urine, because of the non-persistent nature and short elimination half-life of BPA, as well as the intra-day exposure dynamics, the CBPA value of an individual spot urine sample cannot be used to reliably estimate daily BPA intake. Using the HBM data collated in Table 1, it was found that the overall BPA daily intake is very low with an average value of 0.040 μg/kg_bw/d. This is much lower than bottom-up exposure estimates and far below the t-TDI of 4 μg/kg_bw/d proposed by EFSA.

[bookmark: _Toc458702393][bookmark: _Toc458705073][bookmark: _Toc398109833][bookmark: _Toc458705074]Internal exposure estimates
[bookmark: _Toc458705075]Estimation of internal dose based on exposure scenarios
The importance of internal dosimetry in the refinement of exposure scenarios is illustrated inFigure 3. 

[bookmark: _Ref463961365]Figure 3.Differences in internal exposure to free plasma BPA between adults and neonates, when both are orally exposed to the EFSA t-TDI. 

In adults, a chronic intake of 4 μg/kg_bw/d results in a mean internal exposure equal to 0.013 μg/L, while for neonates, internal dose for the same bodyweight normalized chronic intake results in twice as high levels of internal exposure (0.026 μg/L). This result shows that for the same external bodyweight normalized exposure levels between adults and neonates, internal exposure will be always higher, due to the immaturity of the detoxification pathway. This is actually reflected in reduced margins of safety for specific exposure scenarios relevant for neonates and infants.  
The calculated exposure estimates were used as input to the PBTK model in order to translate external exposure into internal dose estimates. The summary statistics of the outcomes are given in table 3 below.

Table 3. Internal dose of free BPA in the plasma according to different exposure scenarios and human biomonitoring data in the EU
	Scenarios
	Internal dose (μg/L)

	
	5%
	Median
	95%

	In utero exposure
	0.001265
	0.002012
	0.005753

	Premature neonates hosted in intensive care units
	0.00314
	0.00810
	0.01418

	Infants/neonates breast fed
	0.00005
	0.00019
	0.00034

	Infants bottle fed/infant formula
	0.00231
	0.00320
	0.00943

	Infants consuming canned food and canned beverages
	0.00112
	0.00373
	0.01050

	Toddlers consuming canned food and canned beverages
	0.00108
	0.00215
	0.00836

	Children consuming canned food and canned beverages
	0.00086
	0.00128
	0.00469

	Adult consuming canned food and canned beverages
	0.00053
	0.00074
	0.00282

	Cashier, consuming canned food and canned beverages
	0.00067
	0.00106
	0.00303

	EU HBM data reconstruction
	0.00019
	0.00055
	0.00116



An important aspect of this approach is the capability to investigate exposure scenarios that pertain to time windows of increased susceptibility such as in utero exposure. For assessing fetal exposure, a maternal overall BPA daily intake equal to 0.5 μg/kg_bw/d was assumed, which is a relatively conservative estimate for adults. In this case, free plasma BPA in maternal blood is almost 0.002 μg/L, i.e. slightly higher than the one expected for a non-pregnant woman (0.0016 μg/L). Placental concentration is 0.004 μg/L and the corresponding fetal free plasma BPA concentration is 0.0015 μg/L. Although placenta has almost twice the concentration of free BPA compared to the other maternal tissue compartments, fetal concentration is lower because the whole fetus acts as compartment with limited metabolic capacity, due to the presence of active enzymes able to sulfate BPA. Were sulfation negligible, the fetus would be an additional non-metabolizing compartment to the overall fetus – placental system, and the steady state concentration would be slightly higher (around 0.0025 μg/L) than the maternal one, yet lower than the placental concentration. Thus, free plasma BPA in the fetus is sensitive to the extent to which sulfation develops, as well as to the effect of β–glucuronidase in the placenta that results in BPA-Gludeconjugation. If the effect of β–glucuronidase were negligible, maternal concentration would be 0.0015 μg/L, a value that is slightly lower than the one of a non-pregnant woman. Placental concentration would be even lower (0.0013 μg/L) and the corresponding fetal exposure would be 0.0005 μg/L. However, this hypothesis is not supported by relevant experimental data. The modelling results obtained in this study are in complete agreement to the ones presented in the FAO/WHO (2010) report. This analysis comes to the conclusion that fetal internal exposure is practically similar to the maternal one. 
Maternal BPA-Glu bioavailability is also very important in the case of breast-fed infants. Transfer of BPA through milk is not sufficient enough to explain exposure of breast-fed infants; the overall BPA exposure through breast-feeding can only be explained by BPA-Glu cleavage in the gastrointestinal tract. Even when the worst-case scenario is taken into account, breast fed infants seem to be significantly less exposed compared to the bottle fed infants and neonates. This finding is corroborated by the conclusions of the FAO/WHO (2010) report.
[bookmark: _Toc458705076]Validation of internal dose using human biomonitoring data
The use of internal dosimetry coupled to the exposure reconstruction algorithm allowed the calculation of external and subsequently internal dose starting from the available HBM data. Daily intake was estimated assuming (a) an average urinary BPA-Glu concentration equal to 2.8 μg/L and (b) an ordinary dietary schedule that includes 4 different meals: (a) breakfast at 7:00 am (dose 1), (b) light snack at 11:00 am (dose 2) (c) lunch at 2:00 pm (dose 3) and (d) dinner at 7:00 pm (dose 4). Overall daily intake was considered to be equally distributed among these meals. The exposure reconstruction algorithm converged to the available biomonitoring data after 1000 iterations and the average intake estimates were 0.18 μg/kg_bw/d, which is higher than the ones estimated by the simple formula that relates intake and observed urinary levels, but still far below the EFSA t-TDI. Reconstruction of intake dose from the actual biomonitoring data, allowed us to run the model in forward mode and to estimate the biologically effective dose at the target tissues. The median estimate of the internal dose was close to 0.0006 μg/L. This value is about 25% lower than the most conservative non-occupational exposure scenario for adults (i.e. exposure of an adult who consumes continuously canned food and beverages). Given the overly conservative exposure assumptions underlying this scenario we consider that the biomonitoring measurements validate the estimates of the integrated exposure model built in INTEGRA. 

[bookmark: _Toc458705077]Risk characterization
[bookmark: _Toc458705078]Risk characterization based on external exposure estimates
The evaluation of risk of the most important scenarios based on external exposure estimates isgiven inFigure 4. Our analysis indicates that exposure for all consumer exposure scenarios (including premature neonates and bottle fed infants) is below the EFSA t-TDI, with the exception of the upper part of the exposure distribution of premature neonates (which exceeds the t-TDI value). It has also to be noted that the values of the upper part of the intake distributions (95%, max) are the result of the highest food residues identified in some studies from the literature review.These values do not significantly affect the mean of the food residue distribution; yet they result in significant deviation from the mean in the overall distribution, thereby reducing the margin of safety for a small part of the population. Nevertheless, we need to take also into account that these estimates are quite conservative. In practice it is very unlikely that someone consumes only canned food and beverages.  

[bookmark: _Ref463960433]Figure 4. Daily uptake for the most important exposure scenario combinations. The reference dose is 4 μg/kg_bw/d (EFSA t-TDI)

[bookmark: _Toc458705079]Risk characterization based on internal exposure estimates
Evaluating risk based on internal exposure estimates resulted in reduced margins of safety for the scenarios involving neonates and infants; in this case, the upper distribution parts of internal exposure are closer to the respective BED derived from the EFSA t-TDI, but significantly lower compared to the BED that corresponded to the former TDI of 50 μg/kg_bw/d. Moreover, the median of the concentration of free BPA in the plasma as reckoned from the human biomonitoring data in Europe is far below the internal dose reference value (0.013 μg/L) derived by the EFSA t-TDI. This outcome corresponds to the lower estimates of the already considered exposure scenarios (Figure 5). 


[bookmark: _Ref463959598]Figure 5. Free plasma BPA under most important plausible exposure scenario combinations (refined internal exposure analysis)

Incorporation of internal dosimetry alters the overall exposure assessment outcome when age- and route-dependent differences are reflected in the actual internal exposure. Thus, when toxicokinetics is taken into account, the outcome of specific exposure scenarios such as premature neonates hosted in intensive care units is differentiated; accounting for the immaturity of the detoxification pathway, results in a higher probability of neonates to be exposed to an internal dose higher that the BED derived from EFSA t-TDI. Other exposure scenarios, where exposure outcome changes when age- and route-dependent differences in internal dose are taken into account, include neonates/infants consuming milk formula and canned food and beverages. However, for these scenarios the internal dose remains significantly lower than the BED derived from the EFSA t-TDI.
Using the biological pathway altering dose (BPAD)derived from in vitro BPA toxicity assessment as the internal exposure reference value, the maximum derived internal exposure values of the worst-case exposure scenarios (premature neonates) are 10 times lower thanthe BPADL99.This indicates that there is no reason for concern based on either individual or aggregate scenarios of BPA exposure.
As already mentioned above, the use of the internal dosimetry module allowed the translation of the EFSA t-TDI into a biomonitoring equivalent urinary BPA-Glu concentration of 320 μg/L. Comparison of this value to the collected biomonitoring data shows that the current existing levels of BPA in EU are two orders of magnitude lower than the EFSA t-TDI; this margin of safety is in the same order of magnitude as the one estimated whendaily intake is estimated from HBM data. Table 4 summarizes the risk characterization ratios as derived considering the free BPA levels in the plasma against the corresponding biologically effective dose of BPA based on the EFSA t-TDI and the BPADL99. 

Table 4. Risk characterization ratios for BPA exposure scenarios (median and 95th percentile)
	Scenarios
	RCR

	
	RCR t-TDI (EFSA)
	BPADL99 (ToxCast)

	
	Median
	95%
	Median
	95%

	In utero exposure
	0.16
	0.45
	0.004
	0.011

	Premature neonates hosted in intensive care units
	0.63
	1.11
	0.016
	0.027

	Infants/neonates breast fed
	0.01
	0.03
	0.000
	0.001

	Infants bottle fed/infant formula
	0.25
	0.74
	0.006
	0.018

	Infants consuming canned food and canned beverages
	0.29
	0.82
	0.007
	0.020

	Toddlers consuming canned food and canned beverages
	0.17
	0.65
	0.004
	0.016

	Children consuming canned food and canned beverages
	0.10
	0.37
	0.002
	0.009

	Adult consuming canned food and canned beverages
	0.06
	0.22
	0.001
	0.005

	Cashier, consuming canned food and canned beverages
	0.08
	0.24
	0.002
	0.006

	EU HBM data reconstruction
	0.04
	0.09
	0.001
	0.002



[bookmark: _Toc398109835][bookmark: _Toc458705080]DISCUSSION
The study described the application of an integrated modelling framework for assessing exposure to BPA in the EU. Refined analysis of this study, was greatly facilitated by(a) the development of a comprehensive environmental and exposure modelling framework, able to estimate the contribution of all related pathways and routes of exposure and (b) the functional link to a generic PBTK model, that allows the estimation of internal dose under different exposure scenarios, as well as the assimilation of HBM data. A very important element was the development of thegeneric mother-fetus PBTK model that wasproperly parameterized for BPA, paying special attention in reducing the uncertainty regarding perinatal exposure. The use of time-dependent physiology parameterization of the evolving fetus, resulted in a mother-fetus model. Additional capabilities of the developed modeling platform include Monte Carlo analysis for exploring variability and uncertainty, consideration of sulfation as an additional clearance pathway during early developmental stages and incorporation of inhalation and dermal routes of exposure among the pathways of exposure to BPA. 
Exposure analysis results showed that chronic intake of BPA in the EU is significantly below the recently proposed t-TDI by EFSA. This is of particular importance considering the conservative nature of the bottom-up calculation of intake, where we assumed that alimentary needs for specific types of food items and beverages are covered only by canned food. Another important finding is that when incorporating the inter-individual differences in toxicokinetics, and especially the one related to the immaturity of detoxification pathways for neonates and infants, the margins of safety are reduced significantly for specific exposure scenarios. This refined type of exposure analysis proved to be a valuable tool for discriminating among scenarios of:
(a) immediate concern (i.e. use of BPA in neonatesmedical equipment);
(b) little concern, i.e. the scenarios involving milk formula and canned food for infants and eventually toddlers. The combination of high BPA residues in a sub-set of samples within the EU with the reduced detoxification capacity of infants result in lower margins of safety for this sensitive population group; and 
(c) no concern, such as the scenarios that involve canned food and beverages consumption or exposure to thermal paper for adults. With regard to adults the low daily intake combined with the full detoxification capacity result in high margins of safety under all exposure scenarios. 
In conclusion, integrated all-source and all-pathway exposure assessment allowed us to determine clearly the scenarios that might pose a public health risk. This may help design targeted interventions, e.g. by restricting the use of BPA in specific applications that relate to neonates and infants, but not for applications that relate to adults; the introduction of Commission Directive 2011/8/EU (EC, 2011), which restricted the use of BPA in infant feeding bottles, is a typical example of targeted, well justified and successful intervention. 
The use of internal dosimetry in exposure analysis provides additional insightsinto key questions that cannot be addressed solely by external exposure assessment, such as the extent of exposurein utero. Internal exposure of the developing fetus during gestation is highly linked to the maternal one, due to the high lipophilicity and the relatively small molecular weight of BPA that favors free diffusion across the placenta. Fetal internal exposureincreases through placental BPA-Glu and BPA-Sulfdeconjugation by β-glucuronidase and arylsulfatace-C respectively, enzymes that are present in high concentrations in the placenta. Free plasma BPA in fetal blood increases similarly to maternal plasma after exposure, but it decreases at a slower pace since half of the intake is given intravenously due to the complexity of the uterus-placenta-fetus exchange system and erythrocyte and plasma protein binding. To date there are no adequate pharmacokinetic data to support the full quantification of the effect that β-glucuronidase has on BPA-GLU deconjugation and, consequently, on fetal exposure. Global sensitivity analysis performed on our model showed that this parameter is quite significant for placental concentration; it affects fetal exposure with a sensitivity coefficient of 0.67, which is higher than the contribution of fetal intrinsic clearance (sensitivity coefficient of 0.4). Our results corroborate the dependence of fetal exposure on de-conjugation activities originally reported by Ginsberg and Rice(Ginsberg and Rice, 2009). With regard to the relative importance of the dissociation of the two de-conjugation activities, the effect of arylsulfatace-C is found to be limited. Sulfation is considered as an alternative metabolic pathway for BPA when glucuronidation is not fully developed, and as such it is important only in fetuses and infants. Thus, the overall amount of BPA–Sulf subjected to possible de-conjucation in the placenta is mainly the one produced by the fetus, which is considered negligible compared to the amount of BPA–Glu circulating in the placenta, which comes from maternal clearance. Based on the above, β-glucuronidase is expected to have a significantly higher importance for fetal exposure.
Maternal BPA-Glu bioavailability is also very important in the case of breast-fed infants. Transfer of BPA through milk is not sufficient enough to explain exposure of breast fed infants and the overall BPA exposure through breast feeding can only be explained by BPA-Glu cleaved in the gastrointestinal tract. Even when the worst-case scenario is taken into account, breast-fed infants seem to be significantly less exposed compared to neonates and infants fed with milk formula.Based on the biomonitoring findings of Calafat et al (2009), it is clear that premature neonates hosted in intensive care units constitute the most vulnerable to BPApopulation group. 
Incorporation of toxicokinetics, allows also the estimation of potential accumulation in the adipose tissue. BPA has a tissue:blood partition coefficient of 8.3 - the highest among all other tissue types;yet, it is still one order of magnitude lower compared to the tissue:blood partition coefficient of typical POPs, that range between 200 and 300. This tendency to partition in the adipose may protect other organs and tissues from BPA overload (La Merrill et al., 2013). However, this protective function could prove to be a threat in the long run (Barouki, 2013), related to the slow release into the systemic circulation, especially during weight loss.
Despite the inherent uncertainty in many parameters regarding BPA toxicokinetics (especially during gestation), our life-time PBTK model facilitates the assessment of realistic exposure scenarios, giving additional weight of evidence by translating quantitative hypotheses (e.g.the effect of β–glucuronidase) to estimates with known boundaries of uncertainties. In fact, we consider this work an initial point for a more comprehensive interaction among investigators of different disciplines, bridging exposure scenarios, biomonitoring, toxicological and epidemiological data iteratively in order to identify and fill the current knowledge gaps(Mattison et al., 2014). 
From the methodological point of view, using an integrated exposure framework that links mechanistically external and internal exposure, provides a comprehensive overview on how realistic exposure scenarios are translated into internal dose to humans, accounting for age-dependent and route-specific bioavailability differences. An additional capability of this integrated modelling framework is the assimilation of HBM data in two different ways; for screening purposes, the PBTK model allows the translation of external exposure/intake referencevalues into BE, while in a more elaborate scheme, starting from HBM data and using some ancillary information about the exposure scenario such as time activity patterns or daily schedule of meals, exposure magnitude can be back-calculated (Georgopoulos et al., 2009). This is of particular importance, since simple mass balance approaches for estimating intakemight result in significant misinterpretations when based on spot samples. To properly estimate the magnitude of an exposure event prior to the time of sampling, toxicokinetics have to be accounted for, especially for compounds that are rapidly metabolized. It has also to be noticed that the outcome of both the bottom up assessment starting from far field and movinggradually to near field exposure and internal dosimetry was consistentwith the assessment starting from HBM data. This further supports the validity of the integrated modelling framework and its capability to mechanistically associate different type of data relevant for exposure assessment.
Finally, the use of this integrated modelling framework that incorporates internal dosimetry allows the direct mechanistic interpretation of environmental and consumer exposure scenarios against in vitro toxicological data. Using the results of the ToxCast21 BPA toxicity evaluation and comparing themwith the estimated internal dose we concluded that exposure to BPA does not pose any significant threat according to most realistic exposure scenarios. These results are in agreement to the opinion that typical serum BPA concentrations are orders of magnitude lower than levels measurable by modern analytical methods and below concentrations required to occupy more than 0.0009% of Type II Estrogen Binding Sites, GPR30, ERα or ERβ receptors (Teeguarden et al., 2013).In anycase, complex mechanisms are employed in BPA toxicity that are not always captured by a single in vitro test and additional mechanisms and the related internal dosimetry metrics have to be taken into account, e.g. it has been found that GPR30 plays an important role in the BPA-induced activation of Erk1/2 in a manner distinct from that in ERα-mediated signaling (Dong et al., 2011). On the other hand, t-TDI was derived from an oral equivalent dose for humans of 609 μg/kg bw/day, divided by an overall uncertainty factor of 150, where 25 stands for the differences between species and the differences between individual persons and 6 stands for the uncertainty in the database related to effects on mammary gland and reproductive, neurobehavioural, immune and metabolic systems(EFSA, 2015). As a result, the more conservative nature of EFSA t-TDI is also considering systemic toxicity rather than focusing on the activation of a single molecular mechanism that might result in adversity, thus providing a more comprehensive reference dose for public health protection. 
The risk assessment estimates presented above, reflect how external and internal dosimetry metrics stand against the current regulatory threshold. The integrated methodology presented herein is independent of the thresholds and is able to provide revised risk estimates as soon as exposure, toxicity or regulatory data are available. Although the scope of the study is not to evaluate the validity of the t-TDI proposed by EFSA, it has to be mentioned that there is still an ongoing debate about low-dose effects of BPA, related either to the potential hormetic effects (Vandenberg et al., 2009), or to cascade effects of hormonal balance disruption(Quignot et al., 2012).

[bookmark: _Toc398109836][bookmark: _Toc458705081]CONCLUSIONS
The study presented herein uses an integrated methodological framework to estimatepopulation exposure to BPA in the EU, accounting for both far and near field exposure, paying special attention to internal dosimetry in different population subgroups, by employing a generic lifetime PBTK model.
The results of the study showed that current exposure levels of BPA at the general population are below the EFSA t-TDI. For chemicals with widespread consumer applications such as BPA, overall exposure is dominated by specific consumer behaviors. For BPA these pertain to consumption of canned food and beverages and the use of medical products, found in neonatal intensive care units, such as bags containing intravenous fluids and total parenteral nutrition and tubing associated with their administration. Premature neonates hosted in intensive care units have been also identified as the only population group that potentially faces some risk related to BPA exposure, especially when accounting for the immaturity of the detoxification pathway. In principle, health risks might be underestimated for specific population groups (e.g. neonates and infants) if the assessment does not take into account variability in internal exposure due to genetic, physiological and developmental factors. In utero exposure was found to be highly associated to maternal exposure; actually fetal exposure was higher than maternal by almost 20% due to the presence of β–glucuronidasein the placenta. Nevertheless, at the current levels of maternal exposure to BPA, in utero exposure is also very low, and significantly below the respective BED derived from the EFSA t-TDI.
In conclusion, an integrated exposure analysis framework linking far field and near field exposure to tissue dosimetry for the various relevant exposure scenarios such as the ones used in this study, could be of great usefor regulatory decision making, since it provides the functional link among different types of exposure-related data e.g. data on food residues and human biomonitoring.  This is further corroborated by the good agreement between the exposure assessment outcomes derived from the current BPA analysis, either initiating from external exposure, or by assimilating HBM data.
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