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Abstract 21 

Polychlorinated biphenyls (PCBs) are persistent organic pollutants triggering numerous adverse 22 

effects. Because they are present in various food, dietary exposure of the population to these 23 

contaminants must be estimated to assess the related health risk. However, the classical risk 24 

assessment approach allows only short-term estimates of exposure and does not account for dietary 25 

changes, evolution of food contaminations and bioaccumulation of PCBs through life. The approach 26 

presented here assesses lifetime PCB exposure trajectories according to birth year and individual 27 

sociodemographic profiles. Moreover, a physiologically based toxicokinetic model was developed to 28 

simulate lifetime PCB plasma concentrations, while considering physiological changes with age. A focus 29 

on the long-term impact of breastfeeding is also presented in order to consider the risk related to PCBs 30 

and due to the mother-to-child transfer. For example, the exposure of an individual born in 1972 31 

exceeds the critical value of 20 ng PCB/kg bw/day half as often as an individual born in 1932 throughout 32 

their lifetime but 13 times more often than an individual born in 2012, according to our simulations. 33 

In addition, even if breastfeeding clearly leads to much higher dietary exposures than formula feeding, 34 

the long-term impact on PCB body burden remains negligible. Risk assessment related to PCB lifetime 35 

trajectories is described and discussed. 36 

 37 

Keywords 38 

Lifetime exposure, risk assessment, polychlorinated biphenyls, physiologically based toxicokinetic 39 

modelling  40 
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1. Introduction 41 

While food provides essential nutrients, it also carries non-intentionally added contaminants which 42 

may trigger adverse effects. Consequently, it is necessary to assess the quantity of chemical ingested 43 

and to determine the dose of contaminant that may induce a risk for health. To this aim, dietary 44 

exposures are usually evaluated at population level using consumption surveys during which 45 

individuals report their dietary consumption over a short period of time (up to a maximum of seven 46 

days). These studies, in combination with food contamination data, allow estimating the dietary 47 

exposure of a population. Exposures are then compared with a health-based guidance value (HBGV) 48 

that represents the dose below which a risk for health can be excluded (for a review see Pruvost-49 

Couvreur et al. (2020a)). This approach assumes a constant lifetime exposure scenario. However, food 50 

consumption habits vary with age and living conditions. Additionally, food contamination evolves with 51 

time due to new or evolving regulations and new food processing.  52 

Polychlorinated biphenyls (PCBs) is a group of 209 congeners which are persistent organic pollutants 53 

(UNEP 2001). Because of their ability to bind to the aryl hydrocarbon receptor, twelve PCB congeners 54 

are considered “dioxin-like” (dl-PCB). Other congeners bearing a different biological activity are 55 

categorised “non-dioxin-like” (ndl-PCB). PCBs can trigger neurotoxic, reprotoxic, immunotoxic, 56 

endocrine and dermal effects, and are carcinogenic to humans (ATSDR 2014; Lauby-Secretan et al. 57 

2013). More than 90% of PCB exposure comes from food, mainly from seafood and dairy products 58 

(EFSA 2005; JECFA 2016). In France, the infant total diet study (iTDS) conducted between 2010 and 59 

2016, and the second total diet study (TDS2) conducted between 2006 and 2011, identified PCBs as 60 

being chemicals of concern since a part of the French population has a PCB dietary exposure exceeding 61 

the reference value (ANSES 2011, 2016). Moreover, environmental PCB concentrations hugely varied 62 

over time (Breivik et al. 2016; Jung et al. 2008). This evolution induced changes in food contamination 63 

and therefore in human exposure. 64 
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Complex mechanistic models are now able to predict human exposure to persistent organic pollutants 65 

based on historical emissions data (McLachlan et al. 2018; Nøst et al. 2019; Quinn et al. 2001 ;Wania 66 

et al. 2017; Wood et al. 2016). However, the use of these models has also highlighted the difficulty of 67 

predicting, on an individual basis, lifetime exposure trajectories. In fact, since dietary exposure 68 

depends on many individual characteristics such as consumption habits, generation or socio-69 

demographic profile, it is complex to gather all relevant data throughout an individual's life in relatively 70 

short surveys. 71 

We propose here an approach that can be easily generalized to different substances and could be used 72 

in a routine assessment, with the aim of simulating trajectories of lifetime exposure to food 73 

contaminants for different profiles of individuals representing the general French population. This 74 

approach also makes it possible to estimate and consider the evolution of dietary exposures as a 75 

function of generation and to assess the impact of certain consumption practices, such as a 76 

breastfeeding period of at least 6 months, as recommended by the WHO, on dietary exposures. In fact, 77 

the high lipophilicity of PCBs predisposes them to high excretion in breast milk and therefore 78 

breastfeeding appears as an important source of PCB exposure in infants (DeKoning and Karmaus 79 

2000). 80 

We present here the application of the developed approach on the example of the French population's 81 

dietary exposure to PCBs. The model predictions, obtained among others from physiologically based 82 

toxicokinetics (PBTK) modelling, are compared with biomonitoring data in order to validate their 83 

robustness. The example of PCBs, very documented substances for which many works have shown the 84 

relevance of the life-time and historical study, allowed us to show the feasibility of a lifetime study in 85 

the evaluation of the risks for the consumer, with a generalized approach. 86 

 87 

 88 
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2. Materials and methods 89 

2.1. Lifetime trajectories simulation 90 

The method developed to simulate lifetime exposure trajectories from sociodemographic individual 91 

profiles was presented elsewhere (Pruvost-Couvreur et al. 2020b). Briefly, relationships between 92 

short-term dietary exposures through total diet and individual sociodemographic characteristics were 93 

studied by multivariate regressions, by age group. For individual characteristics significantly correlated 94 

with exposure (called “stratification parameters”), a lifetime trajectory was simulated, using national 95 

surveys data. Then, exposure was predicted at each life stage from stratification parameters, using 96 

previously performed regressions. 97 

In this study, simulations were performed from dietary exposures estimated in the French iTDS 98 

focusing on infants from 1 month to 3 years old (n=705) (ANSES 2016) and the French TDS2 focusing 99 

on children from 3 to 17 years old and adults from 18 to 79 years old (n=3 362) (ANSES 2011). In the 100 

TDS2, since only 52% of fish consumption was represented in food sampling, an additional scenario 101 

was computed, allowing the consideration of all fishes and seafood consumed in the French population 102 

(Sirot et al. 2012). In TDSs, dietary exposures to total PCBs were assumed equal to the sum of exposures 103 

to the six ndl-PCBs (i.e. PCB-28, PCB-52, PCB-101, PCB-138, PCB-153 and PCB-180) multiplied by 2 (EFSA 104 

2012).  105 

Correlations between sociodemographic parameters and PCB exposures were determined 106 

considering, for each age group, the statistical relationship with the exposure to the sum of the six ndl-107 

PCBs. Consequently, stratification parameters were the same regardless of the congener, but could 108 

vary with age group.  109 

After the identification of stratification parameters and the simulation of individual lifetime 110 

sociodemographic profiles, exposure trajectories were predicted for each of the six ndl-PCBs. Then, 111 

the six trajectories were summed and multiplied by 2 for each virtual individual, to obtain lifetime 112 
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trajectories of exposure to total PCBs. Because exposures to the six congeners are correlated in TDSs, 113 

trajectories were simulated considering this correlation. In fact, for French adults, Pearson correlations 114 

scores varied between 0.37 for exposures to PCB-28 and PCB-180 and 1.00 for exposures to PCB-138 115 

and PCB-153. PCB-153 was considered as reference congener because it is the main contributor to the 116 

total PCB exposure in TDSs and is highly correlated with each of the remaining ndl-PCBs 117 

(supplementary materials, Figures S1-S4).  118 

This method was applied iteratively to simulate lifetime exposure trajectories for a population of 119 

10 000 individuals. 120 

All calculations and simulations were carried out in R version 3.6.1. 121 

 122 

2.2. Evolution of PCB exposures over time 123 

Using dietary exposures estimated in the context of TDSs to simulate exposure trajectories, implies 124 

assuming that PCB food contamination has remained constant over time. However, it is known that 125 

this contamination hugely varied in the last 80 years (Breivik et al. 2016). Indeed, global production of 126 

PCBs started at the beginning of the 1930s and reached its peak in the 1970s. Production of PCBs has 127 

been banned from many countries in the late 1970s, including France (INERIS 2012). Consequently, 128 

food is now less contaminated than in the 1970s, at the peak of PCBs production. 129 

Evolution of PCB food contamination is documented in the literature but measurements are too 130 

heterogeneous to allow the assessment of an accurate temporal trend; oldest records measured 131 

industrial mixtures and do not allow the identification of congeners, whereas the most recent records 132 

provide independent measurements of each congener (Butcher et al. 1997). 133 

However, several publications recorded PCB concentrations in breast milk over time in Europe 134 

(Antignac et al. 2016; Focant et al. 2013; Furst et al. 1994; Noren and Meironyte 2000; Polder et al. 135 

2008; Schade and Heinzow 1998; Schuhmacher et al. 2013; Wittsiepe et al. 2007) (Figure 1). When 136 
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levels of total PCBs in breast milk were not reported in articles, they were considered equal to the sum 137 

of PCB-138, PCB-153 and PCB-180 concentrations multiplied by 1.7 (AFSSA 2010).  138 

 139 

 140 

Figure 1: Evolution of PCB concentrations in breast milk in last decades, according to median mothers' age (indicated value), 141 

number of samples in the study (size of text) and country (colour of text) 142 

 143 

Breast milk PCB concentrations expressed on a lipid basis were assumed to be directly related to body 144 

burdens. Because PCB are bioaccumulative substances, the body burden reflects the entire history of 145 

exposure, from birth to the age of sampling. Moreover, since food is the source of more than 90% of 146 

the total exposure to ndl-PCB, we considered that the changes in dietary exposure were the main 147 

determinant to the evolution of PCB contamination in milk (EFSA 2005). Therefore, body burden and 148 

thus breast milk concentration are directly related to lifetime dietary exposure and to an elimination 149 

parameter, as described by the kinetic model (1) adapted from the work of Béchaux et al. (2014): 150 

����� = ��� − 1� × 
���� + ���
��� × ����, ∀� ∈ [1; 80]��0� = 0  (1) 
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where ���� is the body burden at age �, ���� is the elimination parameter of the considered substance 151 

at age �, ���� is the dietary intake measured nowadays at age � and ���
��� is the correction factor 152 

of dietary exposure, depending on birth year and age.  153 

The elimination parameter ���� = ln �2�/"#/$��� varied according to age and congener, where "#/$��� 154 

is the elimination half-life at age �, from Grandjean et al. (2008) and Ritter et al. (2011). The function 155 

� is approximated by a quadratic spline and is equal to 1 in years covered by the French TDSs. This 156 

definition allows a large variety of shapes for �, while depending only on three parameters to be 157 

estimated. 158 

Because 52 values of breast milk concentrations were known, as well as mean age of mothers, 159 

recording years and dietary intakes measured nowadays, it was possible to determine 52 � correction 160 

functions by solving equation (2) for each of these 52 measured breast milk PCB concentrations. The 161 

selected � correction function was this minimising the system composed by the 52 equations (2). 162 

���� − % &���
��'� × ��(� × 
)* +− % ��,�
-.'/# 01�#

'.# − ���� × ����  = 0 (2) 

 163 

To account for uncertainty on parameters of the kinetic model and variability of physiological 164 

parameters, the system of equations was solved 1 000 times, varying physiological parameters each 165 

time. Body weight was allowed to vary by 10%, the lipid fraction in the body by 40% and half-lives of 166 

PCBs by 50% around the mean value. 167 

The estimated � correction function was supposed to be applied to women and men. To study the 168 

impact of generation on lifetime exposures to PCB, trajectories were simulated for a population born 169 

in 2012 with food contaminations measured in TDSs, as well as for populations born in 1992, 1972, 170 

1952 and 1932 by applying the mean of the 1 000 correction functions to each exposure trajectory in 171 

the virtual population. 172 
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 173 

2.3. PBTK model 174 

Because PCBs accumulate in the organism and because their accumulation may induce adverse effects 175 

(EFSA 2005; JECFA 2016), lifetime body burden is of interest in the context of health risk assessment. 176 

A PBTK model was developed to convert dietary exposure trajectories into body burden trajectories. 177 

This model allowed the assessment of quantities of PCBs in different compartments of the body, from 178 

differential equations and information on kinetic data of PCBs. The model was composed by five 179 

compartments: brain, liver, adipose tissues, richly perfused tissues (i.e. lungs, pancreas, heart, gastro-180 

intestinal tract, kidneys, spleen and stomach) and poorly perfused tissues (i.e. muscles, bones and 181 

skin). These compartments were selected because PCBs accumulate in adipose tissues and can trigger 182 

adverse effects on brain and liver. Poorly and richly perfused tissues were studied separately 183 

considering that blood flow has an important impact on the distribution of PCBs in the body. 184 

Body weight under the age of 3 was determined according to age and gender (WHO Multicentre 185 

Growth Reference Study Group 2006). After 3 years old, body mass index (BMI) trajectories were 186 

available. Body weight was determined according to BMI, age and gender, according to an equation 187 

assessed on a population simulated with the software PopGen (McNally et al. 2015). The equation was 188 

validated on the population of the TDS2 (Pruvost-Couvreur et al. 2020b). 189 

Volume of compartments and cardiac output evolved with age and gender. During children’s growth 190 

and development, volumes of compartments were determined from equations of Haddad et al. (2001) 191 

or from data of ICRP (1979) and Valentin (2002). In adulthood, volumes of all compartments except 192 

adipose tissues were assumed to be constant and equal to values given by ICRP (1979) and Valentin 193 

(2002) for adults. It was assumed that the volume of the adipose compartment was equal to the 194 

difference between 90% of the body volume and the sum of the volumes of remaining compartments. 195 

The residual 10% corresponded to non-considered organs or tissues (blood volume for example). 196 
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Blood flows in the different compartments were defined as fractions of the cardiac output according 197 

to values given by Luecke et al. (2007). 198 

Fractions of lipids at different ages were given by ICRP (1979) and Valentin (2002) and evolutions 199 

between given fractions were assumed linear. Partition coefficients were equal to the ratio between 200 

the fraction of lipids in the considered compartment and the fraction of lipids in blood. 201 

Elimination half-lives were considered by congener and evolved with the volume of lipids in the body 202 

and the volume of liver, according to the equation given by Alcock et al. (2000). Elimination half-lives 203 

of reference for PCB-138, PCB-153 and PCB-180 were those reported by Ritter et al. (2011). This 204 

approach allows considering the individual volumes of lipids and liver in the elimination process, 205 

contrary to what could be done in the model presented previously for the evolution of dietary 206 

exposure to PCBs, where these details were not known. 207 

PCB-138, PCB-153 and PCB-180 plasma concentrations were calculated independently before being 208 

summed up and multiplied by 1.7 to assess the total concentration of PCBs in plasma that is considered 209 

as a surrogate to the body burden of total PCBs (AFSSA 2010). This model assumed that the body 210 

burden at birth was negligible with respect to the body burden accumulated over the entire life.  211 

To consider inter-individual physiological variability, random factors (called “variation factors” in this 212 

work) were applied to parameters of the model (supplementary materials, Table S1). Variation factors 213 

in the volumes of compartments were determined on the basis of data from the PopGen software 214 

(McNally et al. 2015). They were drawn in such a way that the quantile of the variation factor of the 215 

body weight was equal to the quantile of the variation factor of each of the compartments. Variation 216 

factors in lipid fractions were from ICRP (1979) and Valentin (2002). Given the high variability of PCB 217 

half-lives in the literature (Ritter et al. 2011), half-lives variation factors were allowed to range from 218 

0.5 to 1.5.  219 

The model was validated by comparing simulated body burden trajectories with PCB plasma 220 

concentrations measured in the French population (supplementary material, Part 4). Moreover, a 221 
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global sensitivity analysis was realised to identify input parameters contributing the most to the 222 

variability of PCB body burden (supplementary materials, Part 5). 223 

 224 

 225 

2.4. Breastfeeding in childhood 226 

Due to their high lipophilicity, PCBs are present in breast milk in higher concentrations than in infant 227 

formula (Lackmann et al. 2004).  228 

To estimate the exposure of the population in a "worst case" scenario, breastfeeding must be taken 229 

into account. The SFAE study recorded consumption data used the iTDS to assess the exposure of non-230 

breast-fed children under the age of 3 (Fantino and Gourmet 2008). Concentrations of PCBs in infant 231 

formulae recorded in the iTDS for infants under 6 months of age were replaced by those in breast milk. 232 

PCB concentrations in breast milk were those from the data used to assess the evolution of PCB 233 

exposure between the 1960s and nowadays (see Section 2.2). A curve of the evolution of breast milk 234 

PCB concentrations over time was fitted with the function smooth.spline in R version 3.6.1.  235 

Then, PCB exposure trajectories were computed for infants born between the 1970s and nowadays, 236 

and breast-fed during their first six months of life. 237 

 238 

3. Results 239 

3.1. Impact of sociodemographic characteristics and generation on lifetime 240 

trajectories 241 

PCB exposures were related to gender, BMI, region of residence, household income, frequency of 242 

canteen meals in childhood and marital status and educational level in adulthood. In fact, at least one 243 

modality of each of these variables was related to statistically different PCB exposures (p-value <0.1) 244 

that other modalities for at least one age group (supplementary materials, Table S3).  245 
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Generation also had a significant impact on PCB dietary exposures. According to our simulations, PCB 246 

dietary exposures at the end of the 1960s were on average 25 times higher than those estimated when 247 

considering concentrations measured nowadays (95% PI [15; 38]). Considering the average of 248 

predicted evolutions of PCB dietary exposures, the body burden at the age of 40 was 1 183 ng/g lipids 249 

(95% PI [657; 1 908]) for an individual born in 1932, whereas it was 289 ng/g lipids (95% PI [152; 474]) 250 

for an individual of the same age born in 1972. Assuming that PCB exposures will remain constant in 251 

the future, the body burden of an individual born in 2012 at the age of 40 would be 53 ng/g lipids (95% 252 

PI [31; 85]). An example of lifetime exposure and body burden trajectories is provided for a man, 253 

according to his birth year in Figure 2. 254 

 255 

Figure 2: Example of lifetime exposure (dark blue) and body burden (light blue) trajectories according to birth year (green) 256 
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 257 

3.2. Impact of breastfeeding on lifetime trajectories 258 

PCB concentrations in breast milk varied over the last decades. It was on average 1 030 ng/g lipids in 259 

the 1980s (95% CI [560; 1330]) and around 200 ng/g lipids in the 2010s (see Section 2.2). 260 

Concentrations of PCBs measured in the 2010s in infant formulae in the French infant TDS were 261 

between 0.4 and 4.3 ng/g lipids, depending on the food (ANSES 2016). Therefore, breastfed children 262 

are much more exposed to PCBs than other children. 263 

According our simulations, body burden is much higher for breast-fed infants than for formula-fed 264 

infants during the first six months of life. However, this difference disappears with time (Figure 3). At 265 

the sixth month of life of a child born in 2012, the estimated PCB plasma concentration was on average 266 

614 ng/g lipids for a breast-fed child and 0.6 ng/g lipids for a formula-fed child. At 3 years old, the ratio 267 

between body burdens of breast-fed and formula-fed children decreased to 12.4, and it was on 268 

average 1.5 at 10 years old. At the age of 20, body burdens were similar, regardless of dietary scenarios 269 

considered in childhood. In the same way, the ratio between areas under the curves is about 64 270 

between birth and the age of 3, but it is about 1.3 when considering the entire life. Thus, the long-term 271 

impact of breastfeeding on PCB body burden and associated health risks is negligible. 272 
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 273 

Figure 3: PCB body burden trajectories according to food scenario in childhood. Solid lines are mean trajectories and 274 

coloured areas are 95% prediction intervals. 275 

 276 

3.3. Risk assessment 277 

Numerous HBGVs were derived for PCBs by different health agencies for food safety (Table 1). 278 

Table 1: Threshold values derived for external and internal exposures to PCBs 279 

Value Adverse effect Reference 

External health based guidance values 

30 ng/kg bw/day 

(subchronic) 
Neurological effects in young 
monkey after exposure from birth 
to 20 weeks 

(ATSDR 2000) 

20 ng/kg bw/day 

(chronic) 
Immunological effects in adult 
monkey after 23 months of 
exposure  

(AFSSA 2007; ATSDR 2000; 
RIVM 2001; US EPA 1994) 

Internal critical concentrations 

1 000 ng/g lipids Neurological and immunological 
effects after perinatal exposure 

(EFSA 2005) 

700 ng/g lipids  

(children under 3, girls and 
women of childbearing age) 

Effects on mental and motor 
development in children after in 

utero exposure 

(AFSSA 2010) 

1 800 ng/g lipids  

(boys over 3, adult men and 
women over 45) 

Concentration triggering no 
neurological effect in adults over 
50 years of age 

(AFSSA 2010) 
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500 ng/g lipids Concentration triggering no 
adverse effect 

(HBM Commission 2012) 

1 000 ng/g lipids Neurological, immunological, 
auditory, metabolic and thyroid 
effects in the most sensitive 
individuals 

(HBM Commission 2012) 

 280 

The chronic external HBGV of 20 ng PCB/kg bw/day is widely used by risk assessors. It has been 281 

established based on a no observed adverse effect level in animals, to which uncertainty factors were 282 

applied. This approach appears conservative since the body burden simulated from a constant lifetime 283 

exposure of 20 ng PCB/kg bw/day was lower than critical concentrations proposed by the different 284 

agencies from human data (Figure 4). However, it does not allow the consideration of lifetime 285 

bioaccumulation of PCBs, on the first hand because animal experiments were realised during only two 286 

years. This duration represents the lifetime of the animals however it does not allow to represent the 287 

amount of substance that can be accumulated over 80 years. Additionally, it does not allow studying 288 

plasma PCB concentrations induced by fluctuating dietary exposures. 289 

 290 

Figure 4: Body burden trajectory (black solid line) and its 95% prediction interval (grey area) resulting from a lifetime 291 

exposure to the chronic HBGV of 20 ng/kg bw/day. Comparison with different critical concentrations (coloured dashed lines). 292 



16 
 

 293 

Individuals born in 2012 and formula-fed in childhood are expected to have exposure trajectories 294 

exceeding the chronic external HBGV of 20 ng/kg bw/day during on average 2.2 years whereas 295 

individuals born in 1972 exceeded the HBGV during 27 years through life and individuals born in 1932 296 

during 56 years (Table 2). Breast-fed infants systematically had a dietary exposure above the chronic 297 

HBGV during the breastfeeding period, regardless of birth year. 298 

ATSDR recommends the use of the subchronic external HBGV of 30 ng/kg bw/day for exposures 299 

occurring during 15 to 364 days. Because this value was derived from experiments in newborn 300 

monkeys, in this work, comparisons between the subchronic HBGV and simulated exposure 301 

trajectories were only computed for the first year of life. During the first year, 2.8% of formula-fed 302 

children born in 2012 had exposures above the subchronic HBGV, maximum during three non-303 

consecutive weeks. Breast-fed children had exposures exceeding the subchronic HBGV during the 304 

entire breastfeeding period. 305 

Breastfeeding induced PCB plasma concentrations higher than 500 ng/g lipids for almost all children, 306 

even those born recently. For formula-fed populations, exceedances of critical plasma concentrations 307 

were highly correlated with birth year; more than 99% of the population born in 1932 or in 1952 had 308 

body burdens exceeding 500 ng/g lipids at least once whereas no one born in 1992 reached this PCB 309 

plasma concentration during their lifetime. The value of 1 800 ng/g lipids was never reached by 310 

individuals born in 1972, but was exceeded by more than 4% of individuals born in 1952 and by more 311 

than 14% of individuals born in 1932 (Table 2). 312 

Table 2: Duration of exceedance of the chronic HBGV of 20 ng/kg bw/day over life and percentages of the simulated population 313 

having a body burden trajectory exceeding a critical concentration over life, according to birth year and diet in childhood 314 

Diet in 
childhood 

Birth year Arithmetic 
mean of the 
duration of 
exceedance of 

95% prediction 
interval of the 
duration of 
exceedance of 

Percentage of 
the population 
exceeding the 
body burden of 
500 ng/g lipids 

Percentage of 
the population 
exceeding the 
body burden of 
1 800 ng/g lipids 
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the chronic 
HBGV (year) 

the chronic 
HBGV (year) 

Infant 
formulae 

2012 2.2 0.8 – 4.0 0.0% 0.0% 
1992 11.4 8.9 – 13.8 0.0% 0.0% 
1972 27.3 23.0 – 31.1 78.9% 0.0% 
1952 47.2 43.7 – 50.1 99.8% 4.1% 
1932 56.5 51.7 – 60.6 100.0% 14.6% 

Breast 
milk 

2012 2.7 1.3 – 4.5 99.8% 0.0% 

 315 

4. Discussion 316 

4.1. Limits of simulations 317 

Limits of the method developed to simulate lifetime exposure trajectories were discussed elsewhere 318 

(Pruvost-Couvreur et al. 2020b). Briefly, several hypotheses on changes of sociodemographic 319 

characteristics throughout life were made, that can impact exposure trajectories, like the probability 320 

to move from a region to another, according to age. 321 

Moreover, the assessment of dietary exposure to total PCBs from the six non dioxin-like congeners and 322 

of PCB plasma concentration from three congeners is a source of uncertainty. In fact, even if these 323 

hypotheses were verified in other studies (ANSES and InVs 2011; IARC 2016), variability in the 324 

distribution of congeners exists and was not taken into account here. 325 

We must also emphasize that only dietary exposure was considered here, because nowadays the total 326 

exposure to PCBs is overwhelmingly triggered by the diet. In contrast, hypothetically, other sources of 327 

exposure, such as air pollution, may have had a higher contribution to total exposure in  earlier 328 

generations. Future work, incorporating the exposome concept, is therefore required to integrate 329 

these different sources of exposure and to best assess the health risk for older generations. 330 

Furthermore, the correction function applied to exposure trajectories to consider the generational 331 

effect was assessed from limited and averaged data, especially before 1960. Before this date, 332 

confidence level in the correction function is weak. Moreover, the correction function considered in 333 

the proposed risk assessment was a mean function. More extreme lifetime trajectories may therefore 334 
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exist, that may explain the fact that the tail of the distribution of simulated concentrations is more 335 

truncated than the tail of the distribution of measured concentrations. Yet, because mean PCB plasma 336 

concentrations modelled from simulated exposure trajectories were within the same order of 337 

magnitude as those measured in the French population, PCB exposure trajectories and evolution of 338 

food contamination were adequately assessed. In fact, geometric means of simulated PCB plasma 339 

concentrations were similar to those measured in another French study, even if the highest percentiles 340 

are lower in the simulations (supplementary material, Part 4). It should also be mentioned that the 341 

correction function, as proposed in this work, makes it possible to estimate the overall evolution of 342 

dietary exposures, but does not allow the consideration of the evolution of consumption and 343 

contamination of specific foodstuffs. 344 

 345 

4.2. Body burden at birth and maternal depuration 346 

PCBs were assumed to be rapidly eliminated in childhood due to their short elimination half-lives 347 

(Alcock et al. 2000). For this reason, PCB plasma concentrations at birth were considered negligible in 348 

comparison with lifetime accumulation. This assumption was supported by the comparison between 349 

plasma concentrations of breast-fed and those of formula-fed infants; body burdens were extremely 350 

different during breastfeeding period but were not after several years (Figure 3). This observation 351 

indicates that PCB body burdens in the first months of life have a little impact on the body burden after 352 

few years. 353 

Pregnancy and breastfeeding act as elimination pathways for persistent organic pollutants (Alcala and 354 

Phillips 2017; Caspersen et al. 2016; Quinn et al. 2011). However, potential maternal depurations due 355 

to pregnancies and periods of breastfeeding were not considered in the model, due to the lack of 356 

consensual data regarding fetal-maternal exchanges. Ratios between PCB concentrations in fetal and 357 

maternal matrices reported in the literature were too variable to establish a robust transfer rate; ratios 358 

between PCB concentrations in umbilical cord and maternal bloods were from 0.18 to 9.29, according 359 
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to congeners and studies, when adjusted to lipid weight (Bergonzi et al. 2009; DeKoning and Karmaus 360 

2000; Jeong et al. 2018; Lancz et al. 2015; Mori et al. 2014; Needham et al. 2011; Patayova et al. 2013; 361 

Soechitram Shalini et al. 2004; Vizcaino et al. 2014). Similarly, ratios between non lipid adjusted PCB 362 

concentrations in umbilical cord and maternal bloods were also variable (from 0.087 to 0.59) (Covaci 363 

et al. 2002; Mori et al. 2014; Patayova et al. 2013; Porpora et al. 2013; Vizcaino et al. 2014). Finally, 364 

reported concentrations in placental to maternal blood lipids ratios ranged from 0.13 to 1.80 (Bergonzi 365 

et al. 2009; DeKoning and Karmaus 2000; Jeong et al. 2018; Vizcaino et al. 2014). Furthermore, not 366 

considering the potential mother depuration is conservative since it overestimates the maternal PCB 367 

plasma concentration and since PCB concentrations in breast milk were estimated from the literature 368 

and not from maternal contamination. 369 

 370 

4.3. Breastfeeding 371 

In breastfeeding scenario, daily consumption of breast milk was considered to be equal to that of infant 372 

formula consumption recorded in the SFAE study. Under this assumption, 807 g and 835 g of breast 373 

milk was consumed daily by 1-3 months and 4-6 months age groups, respectively. Recommendations 374 

of breast milk consumption are 690 mL/day from 1 to 3 months and 770 mL/day from 4 to 6 months 375 

of age (US EPA 2011). Our selected assumption on breast milk consumption was thus protective. 376 

Considering risk assessment, exceedances of external and internal HBGVs observed regardless of birth 377 

year for breast-fed infants must be discussed. In fact, body burdens of breast-fed infants, even much 378 

higher than those of formula-fed children, exceeded critical thresholds only for few months (i.e. during 379 

the breastfeeding period). At the end of the breastfeeding period, PCB plasma concentrations 380 

decreased rapidly because of short elimination half-lives of PCBs in childhood. On the contrary, body 381 

burdens in adulthood were more stable because of longer elimination half-lives. Exceedances of critical 382 

concentration values in adulthood could therefore appear more of concern because they were likely 383 

to last longer. However, childhood is a sensitive period for development and infants may be more 384 
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susceptible to adverse effects than adults (ATSDR 2000; EFSA 2017). Therefore, a health risk induced 385 

by exposures leading to exceedances of critical internal concentrations during the breastfeeding period 386 

cannot be excluded. 387 

 388 

4.4. Risk assessment approach 389 

Even if the external chronic HBGV of 20 ng/kg bw/day is selected by several safety agencies to assess 390 

PCB health risk, it is not unanimously accepted. According to EFSA (2005) and JECFA (2016), 391 

toxicokinetic data on PCBs are too limited to set a HBGV. Additionally, adverse effects triggered by 392 

PCBs are less correlated with dietary external exposures than with internal concentrations which 393 

reflect accumulation of PCBs in the body. 394 

Furthermore, comparisons between body burden trajectories and critical concentrations were easier 395 

than comparisons between exposure trajectories and external HBGVs. In fact, external HBGVs were 396 

derived from experiments exposing monkeys during a given period to a mix of PCBs. This duration must 397 

be scaled from animal to human and uncertainty factors were applied to account for differences of 398 

toxicokinetics between species. Moreover, because exposure trajectories were fluctuating, 399 

exceedances of the external HBGV were intermittent making it difficult to assess health risk over long 400 

periods of time. On the contrary, body burden trajectories were less variable due to the 401 

bioaccumulative nature of PCBs (Figure 2). Since an internal critical value is a concentration of a 402 

substance in a human matrix below which there is no risk of health impairment anticipated, it could 403 

be considered that exceeding a critical concentration over life is an alert in terms of risk.  404 

However, since the establishment of the different HBGVs, new studies observed adverse effects in 405 

women during pregnancy or in children after pre- or post-natal exposures at PCB levels lower than 406 

500 ng/g lipids (Alvarez-Pedrerol et al. 2009; Baba et al. 2018; Chevrier et al. 2008; Neugebauer et al. 407 

2015; Takser et al. 2005). Unfortunately, the large diversity of observed effects coupled with PCB 408 
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internal concentrations does not allow the assessment of a new accurate internal critical 409 

concentration. 410 

In conclusion, external and internal approaches appear to be complementary, as well as short-term 411 

and lifetime risk assessment. Lifetime body burden trajectories seem more appropriate to assess 412 

health risk over the life course because they account for lifetime PCB bioaccumulation. However, the 413 

external approach was shown to be more protective. Estimating lifetime trajectories allows identifying 414 

individual characteristics and behaviours impacting the dietary exposure as well as assessing the long-415 

term results of such behaviours, accounting for past and future exposures. Complementarily, the more 416 

classical risk assessment approach based on short-term measurements allows identifying immediate 417 

health risk and potentially acting on the food regulation. 418 

 419 

5. Conclusions 420 

Lifetime health risk related to the presence of PCBs in food was assessed. Simulations highlight the 421 

important impact of generation on PCB exposures; PCB levels in the environment have been steadily 422 

decreasing since the 1970s, depending on the country and the regulations in place. Residual PCB 423 

concentrations in food are following the same trend with a time delay due to the accumulation of PCBs 424 

along the food chain (Breivik et al. 2016).  425 

Lifetime exposure trajectories and simulations of body burdens allow a refinement of classical risk 426 

assessment; although French TDSs observed exceedances of the chronic external HBGV of 427 

20 ng/kg bw/day for babies (2.7%) (ANSES 2016), children (6.5%) and adults (2.6%) (ANSES 2011), our 428 

simulations show that current exposures induce lifetime body burdens lower than critical plasma 429 

concentrations. It has to be highlighted that, for breast-fed children, PCB dietary exposures are high 430 

because of the lifetime accumulation of PCBs in their mother’s body. However, even for breast-fed 431 

children, estimated PCB plasma concentrations are shown to decrease rapidly after the end of the 432 

breastfeeding period and no differences are observed after 20 years. The ratio between the lifetime 433 
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area under the mean body burden trajectory for breast-fed individuals and the area under the mean 434 

body burden trajectory for formula-fed individuals was close to 1.  435 

 436 

Fundings 437 

This work was supported by Anses (CRD Anses / Oniris n°2017-CRD-09) and INRAE (thesis scholarship 438 

co-financing agreement). 439 

 440 

Declaration of competing interest 441 

The authors declare that they have no known competing financial interests or personal relationships 442 

that could have appeared to influence the work reported in this paper. 443 

  444 



23 
 

References 445 

AFSSA. 2007. Avis de l'AFSSA relatif à l'établissement des teneurs maximales pertinentes en 446 
polychlorobiphényles qui ne sont pas de type dioxine (PCB « non dioxin-like », PCB-ndl) dans divers 447 
aliments. https://www.anses.fr/fr/system/files/RCCP2006sa0305b.pdf. 448 

AFSSA. 2010. Opinion of the French food safety agency on interpreting the health impact of PCB 449 
concentration levels in the French population 450 
https://www.anses.fr/en/system/files/RCCP2008sa0053EN.pdf. 451 

Alcala CS, Phillips LJ. 2017. PCB concentrations in women based on breastfeeding history: NHANES 452 
2001–2004. Environmental Research 154:35-41. 453 

Alcock RE, Sweetman AJ, Juan CY, Jones KC. 2000. A generic model of human lifetime exposure to 454 
persistent organic contaminants: Development and application to PCB-101. Environmental pollution 455 
(Barking, Essex : 1987) 110:253-265. 456 

Alvarez-Pedrerol M, Guxens M, Ibarluzea J, Rebagliato M, Rodriguez A, Espada M, et al. 2009. 457 
Organochlorine compounds, iodine intake, and thyroid hormone levels during pregnancy. Environ Sci 458 
Technol 43:7909-7915. 459 

ANSES. 2011. Second French Total Diet Study (TDS2): Inorganic contaminants, minerals, persistent 460 
organic pollutants, mycotoxins and phytoestrogens. 461 
https://www.anses.fr/en/system/files/PASER2006sa0361Ra1EN.pdf. 462 

ANSES, InVs. 2011. Étude nationale d'imprégnation aux polychlorobiphényles des consommateurs de 463 
poisson d'eau douce. Maisons-Alfort, France: French Agency for Food, Environmental and 464 
Occupational Health & Safety, Health Monitoring Institute (in French). 465 

ANSES. 2016. Infant Total Diet Study (iTDS): Summary and conclusions. 466 
https://www.anses.fr/en/system/files/ERCA2010SA0317RaEN.pdf. 467 

Antignac JP, Main KM, Virtanen HE, Boquien CY, Marchand P, Venisseau A, et al. 2016. Country-specific 468 
chemical signatures of persistent organic pollutants (POPs) in breast milk of French, Danish and Finnish 469 
women. Environmental Pollution 218:728-738. 470 

ATSDR. 2000. Toxicological profile for polychlorinated biphenyls (PCBs). Atlanta, GA:Department of 471 
Health and Human Services. 472 

ATSDR. 2014. Polychlorinated biphenyls (PCBs) toxicity. (Case studies in environmental medecine). 473 

Baba T, Ito S, Yuasa M, Yoshioka E, Miyashita C, Araki A, et al. 2018. Association of prenatal exposure 474 
to PCDD/Fs and PCBs with maternal and infant thyroid hormones: The Hokkaido study on environment 475 
and children's health. The Science of the total environment 615:1239-1246. 476 

Béchaux C, Zeilmaker M, Merlo M, Bokkers B, Crépet A. 2014. An integrative risk assessment approach 477 
for persistent chemicals: A case study on dioxins, furans and dioxin-like PCBs in france. Regulatory 478 
Toxicology and Pharmacology 70:261-269. 479 

Bergonzi R, Specchia C, Dinolfo M, Tomasi C, De Palma G, Frusca T, et al. 2009. Distribution of persistent 480 
organochlorine pollutants in maternal and foetal tissues: Data from an Italian polluted urban area. 481 
Chemosphere 76:747-754. 482 



24 
 

Breivik K, Armitage JM, Wania F, Sweetman AJ, Jones KC. 2016. Tracking the global distribution of 483 
persistent organic pollutants accounting for e-waste exports to developing regions. Environ Sci Technol 484 
50:798-805. 485 

Butcher JB, Gauthier TD, Garvey EA. 1997. Use of historical PCB Aroclor measurements: Hudson river 486 
fish data. Environmental toxicology and chemistry 16:1618-1623. 487 

Caspersen IH, Kvalem HE, Haugen M, Brantsaeter AL, Meltzer HM, Alexander J, et al. 2016. 488 
Determinants of plasma PCB, brominated flame retardants, and organochlorine pesticides in pregnant 489 
women and 3 year old children in the Norwegian mother and child cohort study. Environ Res 146:136-490 
144. 491 

Chevrier J, Eskenazi B, Holland N, Bradman A, Barr DB. 2008. Effects of exposure to polychlorinated 492 
biphenyls and organochlorine pesticides on thyroid function during pregnancy. American journal of 493 
epidemiology 168:298-310. 494 

Covaci A, Jorens P, Jacquemyn Y, Schepens P. 2002. Distribution of PCBs and organochlorine pesticides 495 
in umbilical cord and maternal serum. Science of The Total Environment 298:45-53. 496 

DeKoning EP, Karmaus W. 2000. PCB exposure in utero and via breast milk. A review. Journal of 497 
exposure analysis and environmental epidemiology 10:285-293. 498 

EFSA. 2005. Opinion of the scientific panel on contaminants in the food chain on a request from the 499 
commission related to the presence of non dioxin-like polychlorinated biphenyls (PCB) in feed and 500 
food. EFSA Journal 284:1-137. 501 

EFSA. 2012. Update of the monitoring of dioxins and PCBs levels in food and feed. EFSA Journal 10. 502 

EFSA. 2017. Guidance on the risk assessment of substances present in food intended for infants below 503 
16 weeks of age. EFSA Journal 15. 504 

Fantino M, Gourmet E. 2008. Nutrient intakes in 2005 by non-breast fed French children of less than 505 
36 months. Arch Pediatr 15:446-455. 506 

Focant JF, Frery N, Bidondo ML, Eppe G, Scholl G, Saoudi A, et al. 2013. Levels of polychlorinated 507 
dibenzo-p-dioxins, polychlorinated dibenzofurans and polychlorinated biphenyls in human milk from 508 
different regions of France. The Science of the total environment 452-453:155-162. 509 

Furst P, Furst C, Wilmers K. 1994. Human milk as a bioindicator for body burden of PCDDs, PCDFs, 510 
organochlorine pesticides, and PCBs. Environmental health perspectives 102 Suppl 1:187-193. 511 

Grandjean P, Budtz-Jørgensen E, Barr DB, Needham LL, Weihe P, Heinzow B. 2008. Elimination half-512 
lives of polychlorinated biphenyl congeners in children. Environ Sci Technol 42:6991-6996. 513 

Haddad S, Restieri C, Krishnan K. 2001. Characterization of age-related changes in body weight and 514 
organ weights from birth to adolescence in humans. J Toxicol Environ Health A 64:453-464. 515 

HBM Commission. 2012. Human-biomonitoring-(HBM)-werte für polychlorierte biphenyle (PCB) im 516 
blut. Bundesgesundheitsblatt - Gesundheitsforschung - Gesundheitsschutz 55:1069-1070. 517 

IARC. 2016. IARC monographs on the evaluation of carcinogenic risks to human: polychlorinated 518 
biphenyls and polybrominated biphenyls. International Agency for Research on Cancer. 519 



25 
 

ICRP. 1979. Report of the task group on reference man. Ann ICRP 3:iii. 520 

INERIS. 2012. Données technico-économiques sur les substances chimiques en France : Les 521 
polychlorobiphenyles (PCB). 522 

JECFA. 2016. Safety evaluation of certain food additives and contaminants - Supplement 1: Non-dioxin-523 
like polychlorinated biphenyls. WHO Food Additives Series 71-S1. 524 

Jeong Y, Lee S, Kim S, Park J, Kim HJ, Choi G, et al. 2018. Placental transfer of persistent organic 525 
pollutants and feasibility using the placenta as a non-invasive biomonitoring matrix. The Science of the 526 
total environment 612:1498-1505. 527 

Jung S, Chebbo G, Lorgeoux C, Tassin B, Arnaud F, Bonté P, et al. 2008. Temporal evolution of urban 528 
wet weather pollution: analysis of PCB and PAH in sediment cores from Lake Bourget, France. Water 529 
Sci Technol 57 (10): 1503-1510. 530 

Lackmann GM, Schaller KH, Angerer J. 2004. Organochlorine compounds in breast-fed vs. bottle-fed 531 
infants: Preliminary results at six weeks of age. The Science of the total environment 329:289-293. 532 

Lancz K, Murinova L, Patayova H, Drobna B, Wimmerova S, Sovcikova E, et al. 2015. Ratio of cord to 533 
maternal serum PCB concentrations in relation to their congener-specific physicochemical properties. 534 
Int J Hyg Environ Health 218:91-98. 535 

Lauby-Secretan B, Loomis D, Grosse Y, Ghissassi FE, Bouvard V, Benbrahim-Tallaa L, et al. 2013. 536 
Carcinogenicity of polychlorinated biphenyls and polybrominated biphenyls. The Lancet Oncology 537 
14:287-288. 538 

Luecke RH, Pearce BA, Wosilait WD, Slikker W, Jr., Young JF. 2007. Postnatal growth considerations for 539 
PBPK modeling. J Toxicol Environ Health A 70:1027-1037. 540 

McLachlan MS, Undeman E, Zhao F, MacLeod M. 2018. Predicting global scale exposure of humans to 541 
PCB 153 from historical emissions. Environ. Sci.: Processes Impacts 20:747-756. 542 

McNally K, Cotton R, Hogg A, Loizou G. 2015. Reprint of PopGen: A virtual human population generator. 543 
Toxicology 332:77-93. 544 

Mori C, Nakamura N, Todaka E, Fujisaki T, Matsuno Y, Nakaoka H, et al. 2014. Correlation between 545 
human maternal-fetal placental transfer and molecular weight of PCB and dioxin congeners/isomers. 546 
Chemosphere 114:262-267. 547 

Needham LL, Grandjean P, Heinzow B, Jørgensen PJ, Nielsen F, Patterson DG, et al. 2011. Partition of 548 
environmental chemicals between maternal and fetal blood and tissues. Environmental Science & 549 
Technology 45:1121-1126. 550 

Neugebauer J, Wittsiepe J, Kasper-Sonnenberg M, Schoneck N, Scholmerich A, Wilhelm M. 2015. The 551 
influence of low level pre- and perinatal exposure to PCDD/Fs, PCBs, and lead on attention 552 
performance and attention-related behavior among German school-aged children: Results from the 553 
Duisburg birth cohort study. Int J Hyg Environ Health 218:153-162. 554 

Noren K, Meironyte D. 2000. Certain organochlorine and organobromine contaminants in Swedish 555 
human milk in perspective of past 20-30 years. Chemosphere 40:1111-1123. 556 



26 
 

Nøst TH, Berg V, Hanssen L, Rylander C, Gaudreau E, Dumas P, et al. 2019. Time trends of persistent 557 
organic pollutants in 30 year olds sampled in 1986, 1994, 2001 and 2007 in Northern Norway: 558 
Measurements, mechanistic modeling and a comparison of study designs. Environ Res 172:684-559 
692.Patayova H, Wimmerova S, Lancz K, Palkovicova L, Drobna B, Fabisikova A, et al. 2013. 560 
Anthropometric, socioeconomic, and maternal health determinants of placental transfer of 561 
organochlorine compounds. Environmental science and pollution research international 20:8557-562 
8566. 563 

Polder A, Thomsen C, Lindstrom G, Loken KB, Skaare JU. 2008. Levels and temporal trends of 564 
chlorinated pesticides, polychlorinated biphenyls and brominated flame retardants in individual 565 
human breast milk samples from Northern and Southern Norway. Chemosphere 73:14-23. 566 

Porpora MG, Lucchini R, Abballe A, Ingelido AM, Valentini S, Fuggetta E, et al. 2013. Placental transfer 567 
of persistent organic pollutants: A preliminary study on mother-newborn pairs. Int J Environ Res Public 568 
Health 10:699-711. 569 

Pruvost-Couvreur M, Le Bizec B, Béchaux C, Rivière G. 2020a. Dietary risk assessment methodology: 570 
How to deal with changes through life. Food Additives & Contaminants: Part A:1-18. 571 

Pruvost-Couvreur M, Le Bizec B, Béchaux C, Rivière G. 2020b. A method to assess lifetime dietary risk: 572 
Example of cadmium exposure. Food and Chemical Toxicology 137:111130. 573 

Quinn CL, Wania F, Czub G, Breivik K. 2001. Investigating intergenerational differences in human PCB 574 
exposure due to variable emissions and reproductive behaviors. Environ Health Perspect 119(5):641-575 
6. 576 

Ritter R, Scheringer M, MacLeod M, Moeckel C, Jones KC, Hungerbuhler K. 2011. Intrinsic human 577 
elimination half-lives of polychlorinated biphenyls derived from the temporal evolution of cross-578 
sectional biomonitoring data from the United Kingdom. Environmental health perspectives 119:225-579 
231. 580 

RIVM. 2001. Re-evaluation of human-toxicological maximum permissible risk levels. 581 
https://www.rivm.nl/bibliotheek/rapporten/711701025.pdf. 582 

Schade G, Heinzow B. 1998. Organochlorine pesticides and polychlorinated biphenyls in human milk 583 
of mothers living in Northern Germany: Current extent of contamination, time trend from 1986 to 584 
1997 and factors that influence the levels of contamination. The Science of the total environment 585 
215:31-39. 586 

Schuhmacher M, Kiviranta H, Ruokojärvi P, Nadal M, Domingo JL. 2013. Levels of PCDD/Fs, PCBs and 587 
PBDEs in breast milk of women living in the vicinity of a hazardous waste incinerator: Assessment of 588 
the temporal trend. Chemosphere 93:1533-1540. 589 

Sirot V, Tard A, Venisseau A, Brosseaud A, Marchand P, Le Bizec B, et al. 2012. Dietary exposure to 590 
polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans and polychlorinated biphenyls of 591 
the French population: Results of the second French Total Diet Study. Chemosphere 88:492-500. 592 

Soechitram Shalini D, Athanasiadou M, Hovander L, Bergman Å, Sauer Pieter Jan J. 2004. Fetal exposure 593 
to PCBs and their hydroxylated metabolites in a Dutch cohort. Environmental health perspectives 594 
112:1208-1212. 595 



27 
 

Takser L, Mergler D, Baldwin M, de Grosbois S, Smargiassi A, Lafond J. 2005. Thyroid hormones in 596 
pregnancy in relation to environmental exposure to organochlorine compounds and mercury. 597 
Environmental health perspectives 113:1039-1045. 598 

UNEP. 2001. Stockholm convention on persistent organic pollutants (POPs). Available: 599 
http://chm.pops.int/TheConvention/Overview/TextoftheConvention/tabid/2232/Default.aspx 600 
[accessed February 2020]. 601 

US EPA. 1994. Integrated risk information system (IRIS) - Chemical assessment summary - Aroclor 1254. 602 
Available: https://cfpub.epa.gov/ncea/iris/iris_documents/documents/subst/0389_summary.pdf 603 
[accessed June 2019]. 604 

US EPA. 2011. Human milk intake. In: Exposure factors handbook 2011 edition. Washington, DC. 605 

Valentin J. 2002. Basic anatomical and physiological data for use in radiological protection: Reference 606 
values: ICRP publication 89. Annals of the ICRP 32:1-277. 607 

Vizcaino E, Grimalt JO, Fernandez-Somoano A, Tardon A. 2014. Transport of persistent organic 608 
pollutants across the human placenta. Environment international 65:107-115. 609 

Wania F, Binnington MJ, and Curren MS. Mechanistic modeling of persistent organic pollutant 610 
exposure among indigenous Arctic populations: motivations, challenges, and benefits. Environmental 611 
Reviews 25(4): 396-407. 612 

WHO Multicentre Growth Reference Study Group. 2006. WHO child growth standards: Length/height-613 
for-age, weight-for-age, weight-for-length, weight-for-height and body mass index-for-age: Methods 614 
and development. Geneva, Switzerland:World Health Organization. 615 

Wittsiepe J, Fürst P, Schrey P, Lemm F, Kraft M, Eberwein G, et al. 2007. PCDD/F and dioxin-like PCB in 616 
human blood and milk from German mothers. Chemosphere 67:S286-S294. 617 

Wood SA, Armitage JM, Binnington M, Wania F. 2016. Deterministic modeling of the exposure of 618 
individual participants in the National Health and Nutrition Examination Survey (NHANES) to 619 
polychlorinated biphenyls. Environ. Sci.: Processes Impacts 18:1157-1168. 620 

  621 



28 
 

Figure and table captions 622 

Figure 1: Evolution of PCB concentrations in breast milk in last decades, according to median mothers' 623 

age (indicated value), number of samples in the study (size of text) and country (colour of text) 624 

Figure 2: Example of lifetime exposure (dark blue) and body burden (light blue) trajectories according 625 

to birth year (green) 626 

Figure 3: PCB body burden trajectories according to food scenario in childhood. Solid lines are mean 627 

trajectories and coloured areas are 95% prediction intervals. 628 

Figure 4: Body burden trajectory (black solid line) and its 95% prediction interval (grey area) resulting 629 

from a lifetime exposure to the chronic HBGV of 20 ng/kg bw/day. Comparison with different critical 630 

concentrations (coloured dashed lines). 631 

 632 

Table 1: Threshold values derived for external and internal exposures to PCBs 633 

Table 2: Duration of exceedance of the chronic HBGV of 20 ng/kg bw/day over life and percentages of 634 

the simulated population having a body burden trajectory exceeding a critical concentration over life, 635 

according to birth year and diet in childhood 636 



 




