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ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Controlled exposure studies under laboratory conditions have been performed to examine 47 carry-over of dioxins and dioxin-like PCBs to eggs from feed mixed with contaminated oil 48 and from clean feed mixed with contaminated soil (Hoogenboom et al., 2005). The 49 experiments with contaminated feed not only served the determination of steady state 50 carry-over, but the study of the kinetics of carry-over as well. The work also aimed to 51 developm a computer model to describe carry-over. Only a few authors have until now 52 described a model to relate contamination levels of eggs to the contamination of ingested 53 soil or feed. [START_REF] Schuler | The transfer of polychlorinated dibenzo-p-309 dioxins and dibenzofurans from soil into eggs of foraging chicken[END_REF] presented the calculation of total TEQ contamination of 54 eggs from ingestion of soil, based on soil contamination levels, congener specific transfer 55 efficiencies and background feed contamination levels. Their model did not contain time as 56 a variable and implicitly assumed steady state contamination of the eggs. However, egg 57 contamination caused by uptake from contaminated soil or feed is a kinetic process and the 58 apparent contamination levels may not represent steady state. [START_REF] Huygebaert | The deposition 306 profile of oxy-carotinoids, fat and PCBs in egg yolks[END_REF] 59 developed a kinetic model for the excretion of PCBs in egg yolks from contaminated feed. 60

Their model assumption was that excretion is governed by the hydraulics of, and 61 absorption in the animal intestinal tract. However, not only absorption of contaminants 62 over the intestinal wall is an important aspect for the kinetics of egg contamination, but 63 also the distribution of the contaminant over body tissues, its metabolism and the 64 characteristics of excretion, i.e. laying efficiency and, for highly lipophilic contaminants 65 like dioxins, egg lipid content. 66

This study concerned the modelling of transfer of dioxins and dioxin-like PCBs from 67 contaminated feed to eggs and their accumulation in fat tissue. A kinetic model was 68 developed that considers the uptake of the contaminant, i.e. its absorption over the 69 intestinal wall after oral intake, the distribution of the contaminant over the body and its 70 carry-over from feed to eggs provided by Hoogenboom et al. (2005) were used to calibrate 72 the model, relating residues in eggs to exposure through feed at different contamination 73 levels. Data obtained from [START_REF] Hoogenboom | Residues of dioxins and PCBs in eggs following short-term exposure of 304 laying hens to feed from the Belgian crisis[END_REF], obtained from a study with much 74 higher dioxin and PCB levels, served model verification. The calibrated and validated 75 model has been applied to estimate uptake from another matrix, i.e., from contaminated 76 soil added to clean feed. Moreover, the model was applied for comparing the European 77 Maximum Residue Limits for dioxin residues (expressed as TEQ values) in feed and eggs. 78 All data for calibrating the model were obtained from the experiment described in the 82 accompanying paper by Hoogenboom et al. (2005). Verification data were obtained from 83 the study by [START_REF] Hoogenboom | Residues of dioxins and PCBs in eggs following short-term exposure of 304 laying hens to feed from the Belgian crisis[END_REF]. 84 85

Modelling approach 86

The underlying physiologically based pharmacokinetic (PBPK-)model describing the 87 kinetics of carry-over of contaminants from feed to eggs is depicted in figure 1 
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( 2) 94 are the rate constants of mass transfer from the central to the fat compartment and vice 95 versa, excretion with egg yolk fat and hepatic clearance, respectively. 96

The time course of the concentration in egg yolk, expressed as pg TEQ/g yolk fat 97

and in abdominal fat (pg TEQ / g fat) is observed. If the latter is representative of the 98 residue levels in the fat compartment, than the models for these observations, can be 99 derived from equation ( 1) to be 100

F o r P e e r R e v i e w O n l y ( ) ( ) 1 2 2 1 , , 2 1 ( ) 1 t t abs y f y f r e r e F D y C t W r λ λ λ λ λ λ     + - + = ⋅ -         -    
( 3) 101 for the concentration in egg yolk fat, and 102 (  )
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( 5) 106 are the exponential rates of the slow, long lasting, terminal phase (λ 1 ≈ q f r/(q c + q r + r) and 107 the fast, short lasting, initial phase λ 2 ≈ q c + q r + r. 108

Note, that the experimental data necessitate the introduction of a few additional 109 parameters with respect to the model in equation (1), such as the amount of fat in egg yolk, 110 which is known, and the weight of the fat compartment, which is unknown. As a result, the 111 model contains the four unknown kinetic parameters for transport and elimination, q c , q f, k 112 and y, the unknown absorbed fraction F abs and the unknown fat compartment weight, W f . 113

Straightforward analysis shows that the inter compartment transfer rate parameters 114 q c and q f can be identified unconditionally from the data. Therefore, these parameters can 115 be freely varied to fit the data. However, the elimination rate parameters y and k, the 116 fraction absorbed and the fat compartment weight W f can only be determined in relation to 117 each other, i.e., the parameters 118 Without introducing these new parameters of equation ( 6) into the computer model, this 125 problem can be resolved as follows. The fraction absorbed is 1 at maximum, while the 126 metabolism rate is 0 at minimum. If the model is fit to the data while the metabolism rate is 127 kept constant, k = 0, then the maximum value for the excretion rate y max = c 1 can be 128 determined from the data, as well as the minimum fraction absorbed, F abs, min , and the 129 minimum weight of the fat compartment W y,min . This would represent the case that 130 elimination by metabolism is negligible compared to elimination through eggs. Once these 131 parameters are identified under this restrictive condition, then for F abs, max = 1, i.e., 132 representing the case that the amount ingested is totally absorbed over the gut wall, the 133 minimum value for the excretion rate is found to be the product y min = y max . F abs,min of the 134 values found for the case k = 0. From this minimum, the maximum value for the 135 metabolism rate k max = y max -y min can be found. The maximum value of the fat compartment 136 weight follows from W f,max = W f,min / F abs,min . 137

It is assumed that after ovulation, the yolk is not any more contaminated during egg 138 white formation and deposition. Therefore, one should provide for a one-day delay 139 between ovulation of the yolk and laying of the corresponding egg. Besides, while in the 140 long range, the daily loss by excretion is the product of laying efficiency and excretion per 141 day, i.e. εy, the amount to be found in an excreted egg is proportional to y only. Moreover, 142 one should provide for the time, τ, between the start of feeding contaminated feed and the 143 first yolk ovulation thereafter, which is apparent as an off-set in the time course of egg 144 contamination. This latter parameter is estimated from the data too. 145 because of the extreme lipophilicity of the compounds, and by its relatively poor blood 151 flow that may even be further limited by intra-tissue diffusion. Therefore, equilibrium 152 between the concentration in this compartment and the concentration in blood is likely to 153 be reached much slower, typically in the order of a few days, than equilibrium between the 154 concentration in blood and other tissues. 155

The central compartment comprises all the other tissues, which will reach 156 equilibrium with blood in the order of hours rather than in the order of days. After 157 absorption, the contaminants enter the systemic blood circulation via the vena porta, i.e., 158 into the central compartment ( abs F D ). Biotransformation of the contaminants is assumed to 159 take place in the liver, i.e. the central compartment, which is characterized by the 160 parameter CL (for clearance). Excretion by egg yolk is from the blood, i.e., from the 161 central compartment into yolk. The concentration in the growing yolks is assumed to be 162 proportional to the concentration in blood (partition coefficient , y f P ). A model, based on 163 the work of Donoghue and co-workers [START_REF] Donoghue | Modelling 284 residue uptake by eggs: 1. Similar drug residue patterns in developing yolks following 285 injection with ampicillin or oxytetracycline[END_REF](Donoghue et al., , 1997a(Donoghue et al., , 1997b;;Donoghue 164 and Meyers, 2000;[START_REF] Donoghue | Mechanisms regulating drug and pesticide residue uptake by egg 295 yolks: development of predictive models[END_REF] that incorporated also yolk growth as determinant of 165 the concentration had to be abandoned, because it systematically under-estimated yolk 166 contamination levels during the initial phase. After ovulation, the yolk is assumed to be 167 excreted from the central system, because the lipophilic contaminants are not likely to 168 interact between system and yolk during the phase of white formation. This is in contrast 169 Eggs in the trial weighed about 60 grams in the mean, of which according to Gilbert (1971) 172 32% was assumed to be yolk weight) and 30% of yolk weight to be egg yolk fat weight, 173 amounting to 5.8 g of yolk fat per egg. Laying performance during the experiment was 174 about 90%. Data on total TEQs, i.e., the sum TEQs of dioxins, furans, mono-and non-175 ortho PCBs, as presented in the accompanying article (Hoogenboom et al. 2005), were 176 used for further calibrating the model. This consisted of fitting the two transfer rate 177 constants, q c and q f , the egg yolk excretion rate y, the fraction absorbed F abs and the fat 178 compartment weight W f , while keeping the elimination constant k = 0. The model was 179 fitted to both the data on egg yolk and abdominal fat levels of all the different feed 180 contamination levels simultaneously. Therefore, all the available data served model fitting 181 in only one optimization run, optimizing the log likelihood of the fitting parameter set. As 182 yolks ovulate the day before the eggs are sampled, eggs yolk levels analyzed from time t 183 (day), were compared to computed levels at time t -1 (day). Moreover, as ovulation after 184 the start of applying contaminated feed, considered to be t = 0, takes place at an unknown 185 time, another parameter, τ < 1 (day), was fitted to the data. Data fitting was performed with 186 ACSL Optimize, optimizing the log likelihood of the parameter values. The fact that the transfer parameter from the central to the fat compartment q c is higher 199 than q f implies that the distribution volume (P f V f ) of the fat compartment, i.e., its 200 physiological volume corrected for its storage capacity as compared to the same volume of 201 blood, is greater than the distribution volume (P c V c ) of the central compartment. 202

Figure 2 shows the residue data and the computed concentration-time curves for the 203 total TEQ levels in both egg yolk and abdominal fat based on the fitted parameter values. 204

Figure 3 shows similar curve fits for the total TEQ, but also the TEQ levels derived from 205 the dioxins and furans, the non-ortho and the mono-ortho PCBs. Notice the clear bi-phasic 206 time course of egg residue levels, while abdominal fat levels seem to be mono-exponential. 207

The (short-lasting) fast first phase has a half-life of about 2.5 days. The (long-lasting) slow 208 terminal phase appeared to have a terminal half-life of about 50 days. Fat storage behaves 209 like a large capacitor, with slowly reacting kinetics, while egg levels, that are proportional 210 to blood levels, reflect the small capacitance, fast reaction kinetics of blood levels. This 211 phenomenon appears not only during the period of feeding contaminated feed, but also 212 during the stage thereafter. The apparent difference in the kinetics of residues in eggs and 213 abdominal fat is also depicted in Figure 4 for one of the soils and 60% for the other, as compared to about 90% (estimated range: 80 241 to 100%) for the oil contaminated feed. 242

In the current study, indicator PCBs (PCBs 28,53,101,118,138,153 and 180) 243 were also spiked to the oil used for preparing the feed. Figure 6 shows the data for total 244 indicator PCB levels in eggs and abdominal fat together with a curve fit. Parameters had to 245 be slightly modified, since without modification there was a clear overestimation of the 246 egg levels (Table 1). The reduced value of notably f q shows that the distribution volume 247 of the fat compartment for these indicator PCBs is greater than for dioxins and dioxin-like 248 PCBs, resulting in a greater storage capacity and reduction of residue levels. 249

Corresponding half-lives of the initial and terminal phase are 2.8 days and 55 days, 250 respectively, ten percent increased as compared to the values of 2. 13 fast response after contamination in the order of days followed by a much slower 265 response in the order of months 266

• In contrast, residues in abdominal fat did not show bi-phasic kinetics: the short-267 lasting fast response phase lacks almost completely. Differences in residue levels in 268 eggs and abdominal fat, expressed as pg TEQ/ g fat can be attributed to differences 269 in the kinetics of the corresponding compartments. At steady state, after prolonged 270 exposure to contaminated feed, residue levels are expected to be about the same. 271

• The model was applied to carry-over of dioxins from two soils incorporated in feed 272 to eggs. The range of absorbed fractions from the two soils was still high but lower 273 than the absorption of dioxins from oil incorporated into feed. 274 egg yolk fat that is produced with weight W y,f per day with a laying efficiency of ε. These 326 processes can also described by the set of reduced parameters (B) derived from the PBPK 327 model parameters (see Materials and Methods), with k for hepatic clearance, y for 328 excretion through the yolk and q c and q f being the compartment transfer parameters from 329 central to fat compartment and vice versa. 

• From
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  metabolism and excretion by egg yolk fat. Experimental data on 71

  (upper 88 panel). The corresponding compartment model in figure1(lower panel) can be formulated 89 mathematically as a set of two mass balances, representing the changes in absolute 90 amounts of contaminants in respectively the central and the fat compartment. 91 ( )

  in abdominal fat. Here, r = εy + k represents the total elimination of 104 the compounds and 105 ( )

  be varied freely to fit the data, but not the parameters y, k, F abs , and W y separately. 120Note that 1 c denotes the total elimination from the system of the amount that is absorbed 121 wall, 2 c denotes the elimination through eggs of the amount that is ingested by 122 the hens and 3 c relates the experimntally determined abdominal fat concentrations to the 123 unknow fraction of the contaminant that absorbed. 124

  underlying physiologically based pharmacokinetic (PBPK-)model describing the 147 kinetics of carry-over of contaminants from feed to eggs is depicted in figure 1. The fat 148 compartment comprises abdominal fat, subcutaneous fat, fat fraction of the skin, bone 149 marrow and intermuscular fat. This compartment is characterized by its storage capacity, 150

  lipophilic drugs. Yolk fat of weight , y f W is produced with an efficiency of ε per 170 day. Laying efficiency is determined experimentally and thus is a known model parameter. 171

  first line shows unconditional results, while the resulting interval estimates in 192 the second and third line are mutually dependent. Taking e.g. the minimum possible value 193 for metabolism, k = 0, the corresponding value for excretion is maximal and corresponding 194 values for absorption and fat compartment weight are minimal. The value for the mean 195 ovulation time τ for the population was 0.19 day after the start of feeding contaminated 196 feed, being about four and a half hours. Clearly, considering the values for y and k, the 197 main route of elimination of dioxins from the body is by egg yolk fat and not metabolism. 198

  for the 1.85 ng TEQ/kg feed contamination 214 group. Note that during the contamination period, abdominal fat residue levels are lower 215 then egg residue levels, and vice versa during the depletion period on clean feed. After 216
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  A model was developed for the kinetics of total sum TEQ carry-over of dioxins and 255 dioxin-like PCBs from feed to eggs. The model could not only predict total sum 256 TEQ, but also the results for sum TEQs of separate groups (dioxins and furans, 257 mono-ortho PCBs and non-ortho PCBs). The model was not tested for individual 258 congeners. The model could successfully be applied for data on the kinetics of total 259 and group sum TEQs of contaminated feed with a much higher level of 260 contamination and a quite different contaminant composition 261• Absorption of the sum TEQ of the dioxin-like compounds from feed prepared with 262 contaminated oil is quite efficient, being around 90%; the main elimination route is 263 by yolk fat excretion. Residues in eggs show clearly bi-phasic kinetics, indicating a 264
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 1 Figure 1. Two compartment PBPK model (A) for the disposition of lipophilic compounds 321
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 33023456 Figure 2. Measured levels (symbols) and computed concentration-time curves based on 332

Table 1 .

 1 model calculations, it is evident that EC MRL values for dioxin-derived TEQ 275 levels in laying hens feed and in eggs are not in accordance/compliance. At least a 276 fourfold reduction is required to guarantee egg levels below the MRL. This should 277 Optimized parameters for the model for dioxin-like compounds and indicator 312PCBs. The parameters q c and q f represent the transfer from the central compartment to the 313 fat compartment and vice verse, y and k the elimination via yolk fat and clearance, F abs the 314 absorbed fraction, and W f the weight of the fat compartment.
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