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ABSTRACT

ARTICLE HISTORY

A physiologically based pharmacokinetic (PBPK) model was developed to investigate the productionspecific factors involved in the transfer of α-hexabromocyclododecane (α-HBCDD) to broiler meat.
The model describes growth and lipid deposition in tissues of fast- (FG) and slow- (SG) growing
broilers from hatching to slaughter and simulates the exposure through the ingestion of contaminated feed or expanded polystyrene insulation material. Growth parameters were obtained from the
literature while parameters relative to uptake, distribution, and elimination of α-HBCDD were
adjusted using results of a previous experiment involving broilers exposed through feed throughout
the rearing period or allowed to depurate before slaughter. The model was used to compare the two
main edible tissues, breast and leg meat, as well as skin, and to investigate the variability within strain.
Between strains and within strain, α-HBCDD assimilation efficiency (AE) is higher when the animals
are slaughtered young or heavy. However, increasing slaughter age will lower α-HBCDD concentration in tissues, due to dilution. Based on fresh weight, the concentration of α-HBCDD in breast
muscles and skin tends to be lower in SG than in FG broilers (−30 to +10%), while it is 10% to 80%
higher in leg muscles. Compared to breast muscles, consuming leg muscles would elicit an exposure
9 and 16 times higher in FG and SG broilers, respectively. The consumption of skin together with
muscles would multiply the exposure by up to 36 times compared to breast muscle alone. In case of
acute exposure, the α-HBCDD concentration in tissues increased sharply, all the more since the
animals are lighter in weight, and then decreased rapidly. In FG broilers, dilution through growth
contributed for up to 37%, 28% and 97% to the decontamination of breast muscles, leg muscles and
skin, respectively, depending on the duration of depuration before slaughter.
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Introduction

Hexabromocyclododecane (HBCDD) is a brominated aliphatic cyclic hydrocarbon with three main
isomers α, β and γ (representing 1–12%, 10–13% and
75–89% of the “technical” HBCDD, respectively).
This compound is used as a flame retardant additive
to reduce ignition in thermal insulation materials and
textiles (Marvin et al. 2011; Koch et al. 2015). Due to
its bioaccumulative, persistent and toxic characteristics, HBCDD has been listed in Annexe A of the
Stockholm Convention on Persistent Organic
Pollutants in November 2014, resulting in a midterm ban on its manufacture and use. In Europe,
the main application of HBCDD (around 80%) has
been in extruded (XPS) and expanded (EPS)

KEYWORDS

Poultry; meat; PBPK; organic
pollutant; lipids dynamic

polystyrene (PS) used in building and construction
(ECHA, 2009), which remains the only use exempted
in the Stockholm Convention. Thus, as the life span
of polystyrene foam insulation in buildings is estimated to be 30 to 50 years and as the use of HBCDD
in EPS and XPS began in the 1980s, the release of
HBCDD into the environment is expected to continue for a long time and even increase from 2025
onwards (Li et al. 2016).
Due to its lipophilicity, food and especially fatty
food of animal origin is the main route of human
exposure to HBCDD (Marvin et al. 2011; Koch et al.
2015). Overall levels of HBCDD concentrations in
animal-derived foodstuffs, below 1 ng g−1 lipid weight
(lw), may be considered acceptable, and the median
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chronic dietary exposure of 0.43 ng kg−1 d−1 in
European adults is deemed to be of no public health
concern (EFSA 2011). This compound is recognised
to induce endocrine and behavioural effects in animals but its effects on human health are still not fully
elucidated (Lyche et al. 2015). Nevertheless, human
exposure assessment is still ongoing. Moreover, the
level of food contamination still requires investigations (Venisseau et al. 2018).
In this respect, as a major meat consumed worldwide, the quality of broiler meat is worth investigation. As pointed out by several authors, the α-isomer
predominates in the environment, animal tissues and
foodstuffs (Marvin et al. 2011; Koch et al. 2015). Thus,
this isomer dominates in the profile of the matrices to
which rearing animals may be exposed and of their
tissues (Berntssen et al. 2011; Cariou et al. 2014). Like
other meats, poultry meat displays overall low levels
of HBCDD (Riviere et al. 2014; Dervilly-Pinel et al.
2017). However, national monitoring plans conducted in France have revealed concentrations in
some samples of poultry eggs and meat reaching
3,000 ng g−1 lw (DGAL 2009). Such high levels are
generally ascribed to the ingestion of fragments of
XPS used for insulating hen houses (Hiebl and
Vetter 2007; Jondreville et al. 2017a). Besides this
accidental contamination, variability in broiler meat
HBCDD concentration may arise from the variability
of production systems (breed, animal performance,
outdoor access, etc.). Indeed, in addition to fast-growing (FG) broilers, which are an international standard, consumers demand products from alternative
systems such as Label Rouge or organic systems
involving slow-growing (SG) animals having access
to outdoor runs. SG broilers are raised twice as long
as FG broilers, they ingest more feed for an often
lower market weight, resulting in a lower feed efficiency, and display different tissue growths and lipid
content (Quentin et al. 2003). A recent survey conducted in France reported similar average concentrations of HBCDD in conventional, Label Rouge and
organic breast meat samples (0.21 ± 0.14, 0.63 ± 0.80,
and 0.47 ± 0.40 ng HBCDD g−1 lw, respectively).
However, the median concentration was slightly
higher for alternative systems (respectively, 0.17,
0.34 and 0.33 ng HBCDD g−1 lw) (Dervilly-Pinel
et al. 2017). In addition to the access to an outdoor
run, the aforementioned production-specific factors
may affect the concentration of α-HBCDD in tissues

of exposed broilers. The rearing duration is longer
and the buildings are very often older compared to
those used for FG chickens, possibly allowing animal
access to insulation materials. The exposure risk for
consumers could be therefore higher with SG chickens compared to FG chickens. Indeed, in an experiment involving broilers exposed through feeds with
similar α-HBCDD concentrations, Jondreville et al.
(2017b) observed slightly higher concentrations in the
tissues of SG compared to FG broilers at market age.
This experiment also revealed that, even expressed on
lipids, the concentration of α-HBCDD in leg muscles
was 2.8 times higher than in breast muscles, although
they are both referred to as ‘meat’. Nevertheless, this
single experiment does not allow assessment of the
impact of several factors, such as the duration of
exposure or the variability within each production
type of age and body weight at slaughter, on the
concentration of α-HBCDD in tissues at market age.
As physiologically based pharmacokinetic
(PBPK) modelling is a relevant tool for incorporating information on the various production-specific factors, we developed a PBPK model allowing
simulation of the fate of ingested α-HBCDD in FG
and SG broilers. Once the model was calibrated
and validated using the results of the aforementioned studies (Omer et al. 2017; Jondreville et al.
2017b), it was used to estimate the α-HBCDD
concentration in meat (breast and leg muscles)
and skin according to different scenarios of exposure and rearing characteristics.

Materials and methods
Model description
Model overview

The PBPK model allows the description of timedependent growth and lipid deposition in tissues of
FG and SG broilers from birth to slaughter. The
considered compartments are the main edible muscles (Breast and Leg), the fatty tissues which play
a role in α-HBCDD storage (Skin and separable fat
depots, SFD), Liver, which is involved in α-HBCDD
metabolism, Blood, which distributes α-HBCDD to
tissues and the rest of the body referred to as ‘Other
tissues’ (Figure 1). Ingested α-HBCDD enters the
body through intestinal absorption and is directed
to the liver, where it is partly metabolised and
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Figure 1. Simplified representation of the PBPK model simulating the absorption/metabolism/elimination (solid grey), blood
distribution (solid black), direct uptake from liver through lipid deposition (dotted black), and passive diffusion in tissues (dotted
grey) of α-HBCDD in growing broilers.

subsequently eliminated. The distribution of αHBCDD is limited by blood perfusion in all tissues
except in fatty tissues (Skin and SFD), which are
described with two sub-compartments, one being
perfused and the other described as a diffusion-limited one (Figure 1). In all the simulations, α-HBCDD
is ingested as a racemic mixture (Omer et al. 2017),
and the fate of α-HBCDD in tissues thus refers to the
sum of the two enantiomers (+) and (−). All model
parameters were considered to be identical for both
enantiomers, except for the rate of hepatic metabolism, for which two specific intrinsic clearance values
were considered. The PBPK model was implemented
using Python™ version 2.7 (www.python.org) using
“numpy”, “matplotlib”, “math”, and “csv” packages.
Full code of the model is available from the corresponding author on request.
The parameterisation of the model for growth and
lipid deposition, as well as tissue perfusion, is based
on a literature review presented in Supplemental
Material S1. For each strain (FG and SG), males
(M), females (F) and as hatched (M + F) broilers are
considered separately. The main features of the model
are presented below and the list of parameters is
presented in Table 1.
Bodyweight, feed ingestion, tissues’ growth and lipid
deposition

Bodyweight (BW, kg) follows a modified Gompertz
function (Méda et al. 2014), based on two pairs of
initial and final BW (kg) and Age (d) pairs (Age1/

BW1 and Age2/BW2, respectively) and on a precocity
parameter (Bgomp, d−1) describing the shape of the
growth curve (1). Ages and body weights at hatching
and slaughter were taken from data provided by
breeders for Cobb 500 (Cobb-Vantress 2007) and
JA 657 (Willems 2017) for FG and SG broilers,
respectively, but can be modified to simulate different
growth trajectories. Bgomp was adjusted using those
data as well. The amount of feed ingested daily
(D Feed Ing, kg) is related to BW according to an
exponential relationship (2), whose parameters were
adjusted using the same data as for BW.
ð

 eBgompðAge2Age1Þ eBgomp in BgðAgeAge1Þ

BW2
BW ¼ BW2
BW1

1þeBgompðAge2Age1Þ

Þ
(1)

D Feed Ing ¼ a intake  eð1b intakeBWÞ

(2)

The weight of the liver, the blood and the muscles
of breast and of leg (W tissue, kg) (3), as well the
weight of body lipids (W BL, kg) (4) are allometric
functions of BW. Storage fat combines Skin and
SFD (i.e. abdominal, mesenteric, sartorial, neck,
gizzard fat depots; Crespo and Esteve-Garcia
2002). Unlike other tissues, the weight of storage
fat (W storagefat, kg) is related to W BL (5). The
contribution of skin to storage fat (prop Skin) is
considered constant (66%), and consequently so is
the contribution of SFD. The weight of the ‘Other
tissues’ compartment (W other, kg) is the difference
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Table 1. Parameters of the model for fast-(FG) and slow-(SG) growing broilers. In brackets, parameter values after optimisation.
Value
Acronym

Description

Age1
Age2
BW1
BW21
Bgomp1
a intake1
b intake1
a Breast2

Initial age
Final age
Initial body weight
Final body weight
Growth rate at the inflection point of the Gompertz body growth function
Slope of the allometry between feed intake and body weight
Intercept of the allometry between feed intake and body weight
Slope of the allometry between breast muscles and body weights

d
d
kg
kg
d−1
Dl
Dl
Dl

b Breast2

Intercept of the allometry between breast muscles and body weights

Dl

a Leg
b Leg
a Blood
b Blood
a Liver3
b Liver3
a BL1
b BL1
a storagefat
b storagefat
Prop Skin
Prop Storagefatperf
Breast lipid conc
Leg lipid conc
Plasma lipid conc
Liver lipid conc
Skin lipid conc
SFD gain lipid conc ini
SFD gain lipid conc fin
SFD lipid conc age
a Breast neut lipid
a Leg neut lipid
a Plasma neut lipid
a Liver neut lipid
a Storagefat neut lipid
a Other neut lipid
aQ
bQ
Breast perf
Leg perf
Liver perf
Skin perf
SFD perf
Diff Storagefat coef
Ht
mV blood
HBCDD abs coef
Clip4
Clin4
EF diet
Diff Faeces coef
Feed lipid conc age
Feed lipid conc ini4
Feed lipid conc fin
Feed DM conc
Dig DM
Faeces DM conc
Dig lipid

Slope of the allometry between leg muscles and body weights
Intercept of the allometry between leg muscles and body weights
Slope of the allometry between blood and body weights
Intercept of the allometry between blood and body weights
Slope of the allometry between liver and body weights
Intercept of the allometry between liver and body weights
Slope of the allometry between body lipids and body weights
Intercept of the allometry between body lipids and body weights
Slope of the allometry between storage fat and body lipids weights
Intercept of the allometry between storage fat and body lipids weights
Proportion of skin in storage fat
Final proportion of perfused storage fat
Concentration of lipids in breast muscles
Concentration of lipids in leg muscles
Concentration of lipids in plasma
Concentration of lipids in liver
Concentration of lipids in skin
Initial concentration of lipids in separable fat depots gain
Final concentration of total lipids in separable fat depots gain
Age at which increase in the concentration of lipids in the separable fat depots gain stops
Proportion of neutral lipids in total lipids of breast muscles
Proportion of neutral lipids in total lipids of leg muscles
Proportion of neutral lipids in total lipids of plasma
Proportion of neutral lipids in total lipids of liver
Proportion of neutral lipids in total lipids of storage fat (Skin and SFD)
Proportion of neutral lipids in total lipids of other tissues
Slope of the allometry between cardiac output and body weight
Intercept of the allometry between cardiac output and body weight
Perfusion rate of breast muscles
Perfusion rate of leg muscles
Perfusion rate of liver
Perfusion rate of skin
Perfusion rate of separable fat depots
Coefficient of diffusion of α-HBCDD from perfused to deep storage fat
Hematocrit
Volumetric mass of blood
Coefficient of absorption of α-HBCDD
Intrinsic clearance rate of (+)-α-HBCDD
Intrinsic clearance rate of (−)-α-HBCDD
α-HBCDD enantiomeric fraction of the contaminated diet
Coefficient of diffusion of α-HBCDD from plasma to faeces
Age at which the lipid concentration in feed changes
Lipid concentration in feed for age ≤ Feed lipid conc age
Lipid concentration in feed for age > Feed lipid conc age
Dry matter concentration in feed
Digestibility of feed dry matter
Dry matter concentration in faeces
Digestibility of feed lipids

Dl: Dimensionless.
Values are presented for as hatched broilers. Values for each sex are given in Supplemental Material S1.
b
Parameter values for body weight < and ≥ 0.172 kg, respectively.
c
Parameter values for body weight < and ≥ 0.162 kg, respectively.
a

Unit

Dl
Dl
Dl
Dl
Dl
Dl
Dl
Dl
Dl
Dl
Dl
Dl
kg kg−1
kg kg−1
kg L−1
kg kg−1
kg kg−1
kg kg−1
kg kg−1
d
Dl
Dl
Dl
Dl
Dl
Dl
Dl
Dl
L kg−1 d−1
L kg−1 d−1
L kg−1 d−1
L kg−1 d−1
L kg−1 d−1
d kg−1
Dl
kg L−1
Dl
d−1
d−1
Dl
d kg−1
d
kg kg−1
kg kg−1
kg kg−1
Dl
kg kg−1
Dl

FG

SG
0

42
84
0.042
0.050
2.90
2.20
0.0453
0.0287
0.273
0.145
0.556
0.942
2.42
1.17
1.30
0.00
-2.47
-1.96
1.06
1.15
-1.99
-1.99
0.842
-2.60
1.28/0.79
0.79/-3.55
1.21
1.26
-2.32
-2.2
1.44
1.66
0.432
0.852
0.66
0.30 (0.33)
0.0127
0.034
0.054
0.004
0.0535
0.40
0.60
0.40
0.90
14
28
0.62 (0.23)
0.78
0.32 (0.20)
0.55 (0.38)
1
0.80 (0.50)
0.856
5.55
140
190
1200 (500)
100 (160)
100 (200)
200 (168)
0.274
1.044
0.90 (0.79)
12.0 (15.12)
9.6 (10.8)
0.504
200 (125)
14
21
0.067
0.087
0.067
0.055
0.88
0.67
0.24
0.84
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between BW and the sum of weights of aforementioned tissues.
W tissue ¼ eb tissue  BW a tissue

(3)

W BL ¼ eb BL  BW a BL

(4)

W storagefat ¼ eb storagefat  W BLa storagefat

(5)

The lipid dynamics is then described as follows. For
each tissue, the corresponding lipid weight is given by
the multiplication of tissue weight by its lipid concentration (Tissue lipid conc, kg kg−1) (6), except for the
weight of lipids in the ‘Other tissues’ compartment,
calculated as the difference between W BL and the
sum of the weights of lipids in each of the depicted
tissues (7). The concentration of lipids is constant in all
tissues except in SFD, for which the daily deposition
(W SFD gain, kg d−1) linearly increases in lipid concentration from an initial value (SFD gain lipid conc
ini, kg kg−1) to a constant value (SFD gain lipid conc
fin, kg kg−1) reached at the age of 14 and 28 days (SFD
lipid conc age, d) in FG and SG broilers, respectively
(8). The concentration of neutral lipids (sum of triglycerides and esterified cholesterol) in each tissue (Tissue
neut lipid conc, kg kg−1) is proportional to its lipid
concentration, and the proportion of neutral lipids in
each tissue lipids (a tissue neut lipid) is constant (9).
W lipid tissue ¼ Tissue lipid conc  W tissue

(6)

5

HBCDD conc, µg kg−1) and/or through accidental
ingestion of insulated material such as XPS
(NonDiet HBCDD intake, µg d−1). The amount
of HBCDD daily absorbed (HBCDD abs, µg d−1)
is the product of the amount ingested and the
absorption coefficient (HBCDD abs coef), set at
0.9 following the results obtained in mouse by
Szabo et al. (2011) (10).
HBCDD abs ¼ ðD Feed Ing
 Diet HBCDD conc
þ NonDiet HBCDD intakeÞ
 HBCDD abs coef

(10)

The distribution of α-HBCDD is governed by the
tissue irrigation and the partition coefficient
between plasma and the tissue (Kp tissue,
L kg−1). Cardiac blood flow is an allometric relationship of BW (Dzialowsli and Crossley 2015)
and cardiac plasma flow (TQ, L d−1) is calculated
accounting for haematocrit (Ht) (11). The daily
plasma flow to each tissue (Q tissue, L d−1) is the
product of its weight (W tissue, kg) by a specific
perfusion rate (Tissue perf, L d−1 kg−1) (12), except
in ‘Other tissues’ compartment, where it is the
difference between cardiac plasma flow and the
sum of the flows to each depicted tissue (13).
TQ ¼ eb Q  BW a Q  ð1  HtÞ

(11)

W lipid SFD Gain ¼ W SFD Gain  ðSFD gain lipid conc ini þ ðSFD gain lipid conc fin  SFD gain lipid conc iniÞ
 AgeÞ=SFD lipid conc ageÞ
(8)

W lipid other ¼ W BL

X

W lipid tissue

Tissue neut lipid conc ¼ a tissue neut lipid
 Tissue lipid conc

(7)

Q tissue ¼ W tissue  Tissue perf
Q other ¼ TQ  ð1  HtÞ
X

ðW tissue  T issue perf Þ

(9)

Ingestion, absorption, distribution and elimination of
α-HBCDD

Broilers may be exposed to α-HBCDD through
feed with a given α-HBCDD concentration (Diet

(12)

(13)

Since α-HBCDD is a lipophilic and non-polar
compound, Kp tissue is assumed to be equal to
the ratio of neutral lipids concentration in the
tissue to their concentration in plasma (Haddad
et al. 2000) (14). The net flow of α-HBCDD from
the plasma to each tissue (HBCDD plasma tissue,

6
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μg d−1) is the difference between its arterial and
venous flows (15).

order kinetics (MacLachlan and Bhula 2009).
Hepatic metabolic α-HBCDD flow (HBCD CL,

HBCDD plasma tissue ¼ Q Tissue  ðHBCDD plasma conc 

Kp tissue ¼

Tissue neut lipid conc
Plasma neut lipid conc

(14)

In addition to this perfusion-limited distribution,
a distribution limited by diffusion is represented in
Skin and SFD. Thus, each of these tissues is divided
into two sub-compartments, a perfused and a deep
one (Tissueperf and Tissuedeep, respectively), Prop
Storagefatperf being the proportion of perfused tissue (Levitt 2007). The two sub-compartments
exchange by passive diffusion (HBCDD TissuePerf
TissueDeep, μg d−1), according to a diffusive transfer
parameter (Diff Storagefat coef, d kg−1) (MacLachlan
and Bhula 2009; MacLachlan 2010) (16). For
a compound with a log Kow of 5.75, this parameter
is set at 200 according to McLachlan (1994). In
addition, in order to account for the almost exclusive hepatic origin of the fatty acids accumulating in
adipose tissues of broilers (Griffin et al. 1992), each

HBCDD Tissue Perf Tissue Deep ¼

HBCDD Tissue conc
Þ
K ptissue

(15)

μg d−1) is the product of the amount of α-HBCDD
present in the liver (W HBCD liver, μg) and the
intrinsic clearance (CLi, d−1) (18). To account for
the enrichment of tissues in (−)-α-HBCDD in broilers exposed to a racemic mixture of α-HBCDD
(Omer et al. 2017), values of 0.5 for CLip and 0.4
for CLin were ascribed to the intrinsic clearance of
(+)-α-HBCDD and (−)-α-HBCDD, respectively.
HBCDD CL ¼ W HBCDD Liver  CLi

(18)

Finally, a passive “return” flow from plasma to
faeces (HBCDD Plasma Faeces, g d−1) was also
considered (19) according to a diffusive transfer
parameter (Diff Faeces coef, d kg−1) set at 200
(McLachlan 1994), HBCDD concentration in
plasma (HBCDD Plasma conc, µg L−1), and to
plasma and faeces lipid concentrations (Plasma
lipid conc, kg L−1; Faeces lipid conc, kg kg−1).
Faeces lipid concentration (20) is calculated
using dry matter and lipid concentrations in feed
(Feed DM conc and Feed lipid conc, kg kg−1),

1
 ðHBCDD Tissue Perf conc lipid
Diff Storagefat coef

(16)

 HBCDD Tissue Deep conc lipidÞ

HBCDD Tissue uptake ¼ W Tissue Gain  Tissue Gain neut lipid conc  HBCDD Liver conc neutlip

tissue uptakes α-HBCDD directly from the liver
(HBCDD tissue uptake, μg d−1) through neutral
lipids deposition (i.e. W Tissue Gain × Tissue Gain
neut lipid conc) (17).

(17)

digestibilities of feed dry matter and lipids (Dig
DM and Dig lipid), and dry matter content of
faeces (Faeces DM conc).
Faeces lipid conc
Plasma lipid conc
HBCDD Plasma conc

Diff Faeces coef

HBCDD Plasma Faeces ¼

As a lipophilic compound, α-HBCDD is mainly
cleared through hepatic metabolism, with first-

(19)
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Faeces lipid conc ¼

Feed lipid conc  ð1  Dig lipidÞ
Feed DM conc  ð1  Dig DMÞ
 Faeces DM conc

(20)

Sensitivity analysis, optimisation and evaluation of
the model

A local sensitivity analysis was implemented to
evaluate the relative importance of some model
parameters on assimilation efficiencies. The absolute value of the normalised sensitivity coefficient
(NSC) was calculated to distinguish the relative
importance of model parameters (21):
NSC ¼

Δr
p

r
Δp

(21)

where p is the model parameter, Δp is the variation
in the model parameter, r is the model output, and
Δr is the variation in the model output. In this study,
parameters varied according to different ranges
selected by the expertise of the authors.
A parameter was considered influential if NSC
reached a minimum absolute value of 0.25
(Leavens et al. 2012). A positive value of NSC indicates that an increase (or decrease) in the parameter
implies an increase (or decrease) of the output.
Optimisation and validation of the model were
achieved by means of the results of the aforementioned experiment, which involved FG and SG broilers exposed to α-HBCDD via the ingestion of
a contaminated diet (Omer et al. 2017; Jondreville
et al. 2017b). Exposure lasted from hatching to
slaughter at 42 and 84 days of age in FG and SG
broilers, respectively. In addition, some SG broilers
were offered a control non-contaminated diet from
43 to 84 days of age, allowing investigation of decontamination of the tissues. Throughout the exposure
and depuration periods, the kinetics of tissue weight
(liver, breast muscles, leg muscles, plasma, abdominal
fat), total lipids concentrations and concentration by
classes of lipids (triglycerides, free cholesterol, esterified cholesterol, phospholipids), as well as α-HBCDD
concentrations were reported by Jondreville et al.
(2017b) while Omer et al. (2017) reported the results
of the isoform analyses of α-HBCDD. The observed
data relative to body weight, feed ingested, tissue
weight total and neutral lipid concentrations, as well
as (+)-α-HBCDD and (−)-α-HBCDD concentrations
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in tissues were introduced in the model prior to
optimisation and evaluation.
Optimisation was performed using the data collected in SG broilers exposed through feed during
42 days and decontaminated until 84 days. The
optimised parameters concern the absorption of
α-HBCDD (HBCDD abs coef), the elimination of
α-HBCDD by hepatic metabolism (CLip, CLin,
Liver Perf), the accumulation of α-HBCDD in storage fatty tissues (Skin perf, SFD perf, Dif Storagefat
coef, Prop Storagefatperf) and the proportion of
neutral lipids in the plasma (a plasma neut lip),
which are all influenced all the Kps. The proportions of neutral lipids in the lipids of Liver, Breast
and ‘Other tissues’ were also adjusted. Once these
parameters were adjusted, the model was evaluated
by comparing its outputs to experimental data from
FG and SG broilers exposed through feed throughout their life (i.e. from hatching to slaughter).
Simulations

The outputs of the model are the concentrations
of α-HBCDD in each tissue or in the entire body
based on fresh weight (HBCDD Tissue conc,
µg kg−1) or on lipid weight (HBCDD Tissue conc
lip, µg kg−1) and the assimilation efficiency (AE),
which is the accumulated amount of α-HBCDD
divided by the ingested amount. When broilers are
exposed through feed, the accumulation ratio of αHBCDD in each tissue is calculated as the ratio of
its concentration in the tissue to its concentration
in feed. This ratio is referred to as AR Tissue and
ARlip Tissue when the concentration in the tissue
is based on fresh or lipid weight, respectively. Due
to the short lifetime of broilers compared to the
time required for the complete elimination and
decontamination of α-HBCDD, the calculation of
half-life is difficult. Therefore, we calculated the
mean daily rate of variation of α-HBCDD burden
(kw, which refers to W HBCDD tissue, µg) and
concentration in tissue lipids (kc, which refers to
HBCDD Tissue conc lip, µg kg−1) during decontamination. The first-rate (kw, d−1) accounts for
elimination only, while the second one (kc, d−1)
also accounts for the dilution of α-HBCDD
through lipid deposition. The contribution of
growth to decontamination is calculated as 1-kw/
kc. These linear relationships greatly differ from
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the kinetics usually adjusted to decontamination
data and do not allow estimation of elimination or
decontamination half-lives. Nevertheless, they are
appropriate to estimate the expected concentration in tissues at a fixed slaughter age.
The first set of simulations was aimed at comparing the two strains and the tissues within each strain
for the kinetics of tissues contamination in animals
exposed through feed (38 µg α-HBCDD kg−1) from
hatching to slaughter. First, as hatched FG- and SGbroilers with default age and BW at slaughter (i.e. 42
days and 2.9 kg vs. 84 days and 2.2 kg) were compared
(Table 2). At a second step, the two strains were
compared accounting for the variability in animal
performance reported in French industry statistics
provided by one of the co-authors of this paper (A.
Travel, ITAVI). According to these statistics, FGbroilers at slaughter are aged 36–54 days and weigh
1.8–3.4 kg, while SG-broilers are aged 81–95 days and
weigh 1.9–3.5 kg; their feed efficiency (FE) ranges
between 0.44 and 0.69 and between 0.26 and 0.47,
respectively (Table 2). To compare the two strains,
graded values of the pair Age and BW at slaughter
were introduced in the model. The pairs leading to FE
outside the range were discarded.
Second set of simulations was aimed at
investigating the rate of decontamination of

tissues. Firstly, the two strains and the tissues
within strain were compared by means of FG
and SG broilers with default age and BW at
slaughter exposed through feed during the
first half of their life (up to 21 and 42 days,
respectively) and then provided a non-contaminated feed until slaughter. Secondly, we
assessed the impact of the date and duration
of exposure on α-HBCDD concentration in tissues and the rate of decontamination. In this
aim, the model was run with as hatched FG
broilers raised during 42 days and ingesting
the same total amount of 172 µg α-HBCDD
either by ingesting a contaminated feed (38 µg
α-HBCDD kg−1) throughout rearing (Feed) or
57.3 µg α-HBCDD daily during three consecutive days from 12 to 14 (XPS-A), 19 to 21
(XPS-B) or 26 to 28 (XPS-C) days of age. In
a previous experiment, Jondreville et al. (2017a)
observed that laying hens may voluntary ingest
far higher amounts of α-HBCDD, reaching
7500 µg daily. These hens had access to XPS
of which they ingested up to 400 mg daily.
With a similar XPS, broilers in the current
simulations would ingest far lower amounts of
3 mg daily, which is very plausible to simulate
an accidental contamination.

Table 2. Fast- (FG) and slow-growing (SG) broilers exposed to α-HBCDD through
a contaminated feed (38 µg α-HBCDD kg−1) from hatching to slaughter: main characteristics
of broilers, assimilation efficiency (AE) and accumulation ratio (AR) of α-HBCDD at slaughter.
Strain
Animal characteristicsa
Age (d)
Body weight (BW, kg)
Body lipids (g kg−1 BW)
Feed intake (kg)
Feed efficiency
α-HBCDD AEb
α-HBCDD ARc
Body
Breast
Breast + Skind
Leg
Leg + Skind
Skin
Separable Fat Depots (SFD)
a

FG

SG

42 (36–54)
2.9 (1.8–3.4)
130
4.53
0.640 (0.444–0.688)
0.36

84 (81–95)
2.2 (1.9–3.5)
136
6.37
0.345 (0.262–0.470)
0.22

0.56
0.015
0.33
0.14
0.46
2.4
5.4

0.65
0.016
0.32
0.24
0.53
2.4
5.3

As hatched; in brackets, intervals according to production statistics provided by one of the co-authors of this
paper (A. Travel, ITAVI).
b
Ratio of the amount in the body to the amount ingested.
c
Ratio of the concentration of α-HBCDD in the tissue on a fresh weight (fw) basis (µg kg−1 fw) to its
concentration in feed (µg kg−1 fw).
d
Proportions of muscle and of skin: Breast + Skin, 87% and 13%, respectively; Leg + Skin, 86% and 14%,
respectively (Shahin and Abd Elazeem 2005; Haitook 2006).
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Results and discussion
Sensitivity analysis

Full results of sensitivity analysis are given in
Supplemental Material S2. The model was found
to be sensitive to various “growth” parameters
including body weight at slaughter (BW2), total
and neutral lipid concentrations in body and in
tissues. In particular, BW2, a BL, Liver lipid conc,
a Liver neut lipid, and a Storagefat neut lipid were
found to influence simultaneously AE and ARlip
of several tissues. This is logical as these parameters either concern body growth, liver which
is the first tissue contaminated and the one
“exporting” HBCDD to other tissues (through
the synthesis of contaminated fatty acids) or
Storagefat which can represent up to more than
50% of the lipids in body when birds are close to
slaughter (data not shown). On the contrary, parameters that are specific to tissues like Breast or Leg
only influence outputs for this same tissue. As
expected, model outputs were found very sensitive
to absorption coefficient (HBCDD abs coef) and to
hepatic metabolism (i.e. intrinsic clearances Clin
and Clip), with NSC about 1 and −0.28, respectively, but not sensitive to irrigation parameters
(i.e. perfusion).
Optimisation and evaluation of the model
Optimisation

The optimised parameters are presented in Table 1.
The optimised perfusion rates of Skin, SFD and Liver
are in the range of literature data (Supplemental
Material S1). Similarly, the optimised coefficient of
diffusion of α-HBCDD within storage fat (Diff
Storagefat coef) is consistent with literature data for
lipophilic compounds (McLachlan 1994) as well as
its absorption coefficient (Kelly et al. 2004). The
optimisation of the proportion of neutral lipids in
lipids of Breast, Liver and Other tissues, and most of
all, of Plasma (a tissue neut lip) challenges the
hypothesis of the diffusion of α-HBCDD within
tissue neutral lipids (Haddad et al. 2000).
Particularly, due to the adjustment of a plasma
neut lip at the value of 0.20 instead of 0.36, the
partition coefficients of α-HBCDD to SFD, Skin
and Leg increase by 80% (1120 vs. 620 for SFD, 500
vs. 275 for Skin, 33 vs. 18 in Leg of FG broilers and 52
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vs. 29 in Leg of SG broilers). In contrast, as the
optimised values of a Breast neut lip and a Liver
neut lip are decreased compared to initial values
(0.23 vs. 0.62 and 0.38 vs. 0.55, respectively), the
partition coefficients of α-HBCDD to these tissues
are only slightly modified (4 vs. 5 and 25 vs. 20,
respectively). Simulated α-HBCDD concentrations
in tissues after optimisation vs. data used for parameter optimisation are presented in Figure 2(a).
Evaluation

The model was challenged against data obtained in
SG- and FG-broilers exposed through feed up to 42
and 84 days of age, respectively (Omer et al. 2017;
Jondreville et al. 2017b) (Figure 2, Supplemental
Material S3). Globally, the model fails to properly
predict the concentration of α-HBCDD in Liver and
in Plasma (not intended for human consumption),
with an overestimation of 7% to 83% compared to
observed data. Nevertheless, the concentration of αHBCDD in the two main edible muscles (the most
intended for human consumption), Breast and Leg, is
fairly well predicted, with an underestimation of 18 ±
5 and 21 ± 16%, respectively, in FG broilers and an
overestimation of 5 ± 9 and 6 ± 8%, respectively, in
SG broilers. The concentration of α-HBCDD in SFD
is slightly underestimated by 10 ± 6% in the two
strains. In all these tissues, the enantiomeric fraction
(EF) is very well predicted with overestimation and
underestimation below 3% in FG and SG broilers,
respectively.
Simulations
Exposure up to slaughter

Default values. At slaughter, SG broilers have
ingested 40% more feed than FG broilers (6.37
vs. 4.53 kg), whereas their body weight is 26%
lower (2.20 vs. 2.90 kg) so that their feed efficiency
(FE) is 46% lower (0.35 vs. 0.64). Despite a slightly
higher body lipid concentration at slaughter (136
vs. 130 g kg−1 BW), SG broilers accumulate 40%
less lipids than FG broilers per kg feed ingested
(47 vs.78 g) and 38% less neutral lipids. In accordance, α-HBCDD AE in SG broilers is 38% lower
than in FG broilers (0.22 vs. 0.36). As previously
reported (MacLachlan 2010), the concentration of
α-HBCDD in tissues increases sharply during the
first week of life and then remains steady or
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Figure 2. Observed and simulated α-HBCDD concentration (ng g−1 lipid weight)1 and enantiomeric fraction (EF)2 in tissues of
broilers exposed to a contaminated feed (38 µg α-HBCDD kg−1). (a): slow-growing broilers exposed during 42 days and then
decontaminated during 42 days (used for optimisation); (b): slow-growing broilers exposed during 84 days; (c): fast-growing broilers
exposed during 42 days.

slightly decreases due to dilution through growth
(Figure 3). At slaughter, the two strains display
quite similar tissue α-HBCDD concentrations
based on lipids: SFD and Skin are 2% less concentrated in FG than in SG broilers, whereas Breast
and Leg are 8% and 5% more concentrated,
respectively. However, these concentrations differ
between tissues. Skin and SFD lipids are the most
concentrated (ARlip = 5.9–6.1), followed by Leg
and Breast lipids (ARlip = 4.2–4.4 and 1.2–1.3).

When α-HBCDD concentrations are expressed
relative to fresh weight (fw; as consumed), SFD
is 5.4 more concentrated than feed; Skin is 2.3 less
concentrated than SFD and Breast is by far the
least concentrated tissue, around 342 times less
concentrated than SFD (Table 2). Due to its high
lipid concentration, Leg in SG broilers is 1.7 times
more concentrated in α-HBCDD than in FG broilers. When Breast is consumed together with Skin,
α-HBCDD concentration is multiplied by 22 and
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Figure 3. Simulated kinetics of α-HBCDD accumulation ratio (ARlip)1 in tissues of fast- (FG) and slow-growing (SG) broilers2 exposed
through feed (38 µg α-HBCDD kg−1) from hatching to slaughter.

20 in FG and SG broilers, respectively. When it is
consumed with Leg, the concentration is multiplied by 3.3 and 2.2, respectively.

Variability within strain. Within each strain, FE
improves as the animals are slaughtered earlier and
heavier (0.44 to 0.69 and 0.26 to 0.47, in FG and SG
broilers, respectively). Similarly, AE always

Figure 4. Assimilation efficiency (AE)1 and accumulation ratio (AR)2 of α-HBCDD in tissues of fast- (FG) and slow-growing (SG)
broilers3 exposed through feed (38 µg α-HBCDD kg−1) from hatching to slaughter according to their age (Age, d) and body weight
(BW, kg) at slaughter.
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increases when animals are slaughtered younger or
heavier. Due to their faster growth, the impact of
lengthening the rearing period in FG broilers is
almost twice as high as in SG broilers, while the
impact of increasing BW at slaughter is quite similar in the two strains (Figure 4). However, due to
dilution through growth, AR (Figure 4) and ARlip
(Supplemental Material S4) in tissues vary oppositely to AE: they are higher as the animals are
slaughtered late and light. Thus, within strain,
improving FE limits the contamination of edible
tissues, the concentration of which may vary by
a factor 1.4 to 1.6 in FG broilers and by 1.5 to 1.7
in SG broilers.
Based on lipids, the concentration of α-HBCDD in
tissues is overall lower in SG than in FG broilers,
especially when BW at slaughter is high. Thus,
depending on the age at slaughter, ARlip in tissues
of SG broilers maybe 0.80 to 1.07 times those of FG
broilers when BW at slaughter is 2.2 kg and 0.68 to
0.98 times when BW at slaughter is 3.0 kg
(Supplemental Material S4). This result fits with the
outputs of the model developed by MacLachlan
(2010), who estimated that body lipids in SG broilers
would be 20% less concentrated in lipophilic pesticides than in FG broilers. However, the current model
allows fine-tuning of the impact of production characteristics. Besides, the current estimates clearly do
not corroborate the slight increase in α-HBCDD

concentration in breast muscles of SG compared to
FG broilers reported by Dervilly-Pinel et al. (2017).
Thus, characteristics other than those linked to
growth and body characteristics such as access to an
outdoor run (Jondreville et al. 2013), or the use of PS
for building insulation (Cariou et al. 2014) may be
involved.
As Breast and Skin display similar lipid concentration in the two strains, the differences between
strains are similar when α-HBCDD concentration
is expressed on fresh weight or on lipid weight. In
contrast, due to its high lipid concentration, Leg in
SG broilers displays higher α-HBCDD concentration based on fresh weight than in FG broilers,
and the difference between the two strains is
accentuated when body weight at slaughter
decreases. Thus, AR in Leg of SG broilers maybe
1.3 to 1.8 times those in SG broilers when BW at
slaughter is 2.2 kg and 1.1 to 1.5 times when BW
at slaughter is 3.0 kg (Figure 4).
Decontamination

The model also allows calculation of α-HBCDD
concentrations that can be expected at slaughter
when animals are allowed to decontaminate after
they have been exposed either through feed or accidental ingestion of insulated material such as XPS.

Table 3. Final concentrations, mean decontamination and elimination rates of α-HBCDD in tissues of fast- (FG)
and slow-growing (SG) broilersa contaminated either through feedb or extruded polystyrenec (XPS) consumption.
FG

Strain
Exposure source
Scenario

SG
XPS

Feed

Body weight (kg)d
0.04–0.89
α-HBCDD ingested (µg)
38
Final α-HBCDD concentration (µg kg−1 lw)
Breast
46
Leg
159
Skin
229
Decontamination rate (kc, d−1)
Breast
−0.045
Leg
−0.045
Skin
−0.044
Elimination rate (kw, d−1)
Breast
−0.027
Leg
−0.033
Skin
−0.007
Contribution of lipid deposition to decontamination rate
Breast
39
Leg
27
Skin
85

A

B

C

Feed

0.34–0.44
172

0.74–0.89
172

1.3–1.5
172

0.05–0.92
67

18
64
111

27
98
172

36
131
229

4
13
21

−0.035
−0.035
−0.036

−0.043
−0.045
−0.043

−0.056
−0.058
−0.050

−0.022
−0.022
−0.022

−0.025
−0.028
−0.006
(%)
29
19
84

−0.028
−0.034
−0.004

−0.035
−0.042
−0.002

−0.019
−0.019
−0.011

36
24
90

37
28
97

13
14
51

lw: lipid weight.
a
Broilers characteristics are detailed in Table 2.
b
The feed contains 38 µg α-HBCDD kg−1 and is consumed between from hatching to 21 and 42 days of age in FG and SG broilers,
respectively.
c
Exposure through the ingestion of 57.3 µg α-HBCDD daily during 3 days from 12 to 14 (A), 19 to 21 (B) or 26 to 28 (C) days of age.
d
Body weights at the beginning and end of the contamination period.

FOOD ADDITIVES & CONTAMINANTS: PART A

13

period. Overall, fatty tissues, which develop by the
end of growth, act as a sink of α-HBCDD and
slowdown elimination. However, their development accelerates dilution, so that the resulting
decontamination rate does not differ between tissues. Due to their faster growth, dilution contributes to a higher extent to the decontamination of
the tissues in FG than in SG broilers (39 vs. 13% in
Breast, 27 vs. 14% in Leg, and 85 vs. 51% in Skin;
Table 3; 95 vs. 59% in SFD; data not shown).

Figure 5. Simulated kinetics of α-HBCDD burden (µg) (a) and
accumulation ratio (ARlip)1 (b) in tissues of fast- (FG) and slowgrowing (SG) broilers2 exposed through feed (38 µg α-HBCDD kg−1)
from hatching to 21 and 42 days, respectively. Mean decontamination (kc) and elimination (kw) rates are presented in Table 3.

Default values. The example presented in Table 3
and Figure 5 relates to FG and SG broilers fed
a clean feed during the second half of the rearing
period, i.e. during 21 and 42 last days, respectively.
Over this period, the mean decontamination rates
(kc) are around twice as high in FG than in SG
broilers (0.044 to 0.045 vs. 0.022 d−1) and does not
differ between tissues within each strain.
Consequently, over the 21- and 42-day depuration
period, α-HBCDD concentration in tissue lipids
decreases to a very similar extent in the two
strains. This decrease in concentration results
from elimination and from dilution through lipid
deposition. In contrast to the decontamination
rate, the elimination rate (kw) varies between tissues, being higher in muscles than in fatty tissues,
especially in FG broilers, which deposit large
amounts of separable fat by the end of the rearing

Impact of the duration of α-HBCDD exposure.
The scenarios correspond to a 3-day exposure of
FG broilers to α-HBCDD through the accidental
ingestion of XPS, resulting in the ingestion of 172
µg α-HBCDD. After exposure, animals decontaminate during 28 (A), 21 (B) or 14 (C) days before
slaughter. The scenario referred to as Feed, taken
as reference, corresponds to broilers chronically
exposed α-HBCDD through feed ingestion (38
µg α-HBCDD kg−1 feed) from hatching to slaughter, as presented in Figure 3 and Table 2. In case of
a 3-day exposure, the concentration of α-HBCDD
in tissues sharply increases all the more since
broilers are young and light, reaching
a maximum of 2,900 (A), 1,300 (B) and 660 (C)
µg kg−1 lw in Skin (Figure 6). Although high, these
concentrations remain at the same order of magnitude as those reported in French surveys (DGAL
2009) and below the 10,400 µg kg−1 lw recorded in
eggs of laying hens after a 3-day exposure through
XPS ingestion (Jondreville et al. 2017a). This is far
higher than the maximum 230 µg kg−1 lw
observed for the ‘Feed’ scenario. After the exposure has ceased, these concentrations sharply
decrease. The final concentration is the result of
initial concentration, duration of depuration and
mean decontamination rate. Within each tissue,
this latter increases with the age at which broilers
are exposed, especially in muscles (Table 3). This
increase results partly from an enhanced contribution of dilution through lipid deposition in all
tissues for older animals. This example also highlights the differences between tissues. In muscles,
significant elimination rates are calculated and
dilution explains 19% to 37% of the decontamination (Table 3). In contrast, the α-HBCDD burden
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Figure 6. Simulated kinetics of α-HBCDD concentration (µg kg−1 lw) in breast, leg and skin of fast-growing broilers1 ingesting 172
µg α-HBCDD according to different modalities of exposure: 42-day exposure through feed containing 38 α-HBCDD µg kg−1 (Feed) or
exposure through the daily ingestion of 57.3 µg α-HBCDD (extruded polystyrene) during 3 days from 12 to 14 (a), 19 to 21 (b) or 26
to 28 (c) days of age2,3.

in Skin barely decreases during depuration,
because of the redistribution of α-HBCDD to
fatty tissues after exposure has ceased, especially
in case of late exposure (Figure S4.1). In this case,
dilution through growth is almost the only way of
decontamination before slaughter.
Ingestion of α-HBCDD through broiler meat consumption. As reported by Dervilly-Pinel et al.
(2017), breast meat exhibits a mean concentration of
0.60 ng α-HBCDD g−1 lw, irrespective of the strain.
Accounting for 93% α-HBCDD (Riviere et al. 2014)
and a lipid content of 1.27 g kg−1 (Table 1), this tissue
would contain 0.00709 ng g−1 fw. Considering that
animals are exposed through feed throughout the
rearing period, the concentration in leg muscles
would be 9.3 and 15.6 times higher in FG and SG
broilers, respectively (i.e. 0.0680 and 0.108 ng αHBCDD g−1 fw). Such increases are worth taking
into account in human exposure assessment.
Similarly, the consumption of skin together with
muscles elicits a significant increase in human exposure. Indeed, on a fw basis, Skin is 160 and 150 times
more concentrated in α-HBCDD than Breast in FG
and SG broilers, respectively. Thus, breast with skin is
22 and 20 more concentrated than breast muscle,

respectively, while leg with skin is 30 and 34 times
more concentrated, respectively. Accounting for the
slow decontamination of skin compared to muscles,
Skin may be up to 200 times more concentrated than
Breast on fw. In that case, breast + skin and leg + skin
are 27 and 36 times more concentrated than breast,
respectively. The exposure level for consumers will
thus be lower for chickens sold under cut products
compared to whole carcases. Indeed, the skin is
usually removed from the breast whereas the whole
carcases are usually roasted and during this cooking
procedure, the subcutaneous lipids may migrate
towards the muscle tissue (Rabot 1998).
Conclusions

Risk-assessment strongly relies on modelling tools.
To that purpose, the current study proposed a PBPK
model for the study of the absorption and fate of αHBCDD in broiler tissues, according to broiler
strain and rearing characteristics (age and weight at
slaughter). In particular, simulation results showed
that the consumption of skin associated to muscle
meat (breast or leg) could tremendously increase the
exposure to this persistent organic pollutant. Finally,
since this model account for lipid dynamics in the
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bird, it could constitute a generic framework for the
study of other lipophilic compounds.
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