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Abstract 

Physiologically-based kinetic (PBK) models are powerful tools in toxicology and chemical risk assessment as they simulate 

the absorption, distribution, metabolism, and excretion (ADME) of chemicals in organisms. This study aimed to develop a 

PBK model, based on existed chicken (Gallus gallus domesticus) PBK model, to simulate the pharmacokinetic profile of 

fipronil and its metabolite, fipronil sulfone, in bobwhite quail (Colinus virginianus), following oral exposure. Physiological 

and physicochemical parameters for quail were sourced from literature, with some parameters extrapolated from related 

species where data were unavailable. The model's accuracy was evaluated by comparing predicted concentrations of fipronil 

and fipronil sulfone in eggs, liver, fat, and brain with experimental data from quail. Results showed that while the model could 

predict trends in fipronil distribution and metabolism, there were discrepancies in the peak concentration times (Tmax) of 

fipronil sulfone in liver and brain, and maximum concentrations (Cmax) of fipronil and fipronil sulfone in fat when compared 

to experimental data, particularly in the timing of fipronil sulfone accumulation. These findings underscore the need for further 

refinement of PBK models for avian species. However, they also highlight the potential for such models to reduce the reliance 

on animal testing in environmental risk assessments. The model developed here represents an important step towards a generic 

avian PBK model, which could be used for assessing the risks of various chemicals in different bird species. The findings of 

this study will guide future research in the development and refinement of PBK models for avian species, thereby contributing 

to the advancement of toxicology research. 

 
Keywords: Physiologically based kinetic modeling; Fipronil; Fiprinil sulfone; Birds  

1. Introduction 

Physiologically-based kinetic (PBK) models have emerged as valuable tools in biomedical, pharmaceutical, 

and toxicology research, as well as in risk assessment (Krishnan & Peyret, 2009). These models consist of 

mathematical equations that describe how a compound is absorbed, distributed, metabolized, and excreted 

(ADME) within an organism, a process also known as toxicokinetics (Horak et al., 2018; Paini et al., 2019). 

Understanding toxicokinetics through PBK models can help estimate the internal dose from an external exposure 

concentration or, conversely, estimate the external exposure concentration from a known internal dose. This 

capability is crucial for predicting toxicity and can potentially replace traditional animal testing (US EPA, 2023). 

In PBK models, the organism is represented as a set of compartments corresponding to different organs and 

tissues, visualized as individual boxes. Each compartment is assumed to have a uniform xenobiotic concentration, 

and they are interconnected through the blood circulation system (Rietjens et al., 2011). PBK models simulate 

time-concentration curves of a chemical in each compartment, effectively predicting the biokinetics of drugs and 
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chemicals in organisms without the need for in vivo experiments (Baier et al., 2022). Currently, assessing the 

environmental risks of xenobiotic substances often requires numerous animal tests across different species. 

However, as part of ongoing efforts to minimize animal testing, there is a push to use in silico methods, such as 

PBK models, to support risk assessment (Lilienblum et al., 2008). (‘Regulation 1107/2009’, n.d.) emphasizes that 

risk assessors should minimize the requirement for animal tests to determine the toxicity of chemicals across 

various species. The regulation advocates for the use of non-animal methods and prohibits the repetition of 

vertebrate studies. Despite this, very few non-animal test methods have been validated for regulatory toxicology. 

Specifically, no officially accepted non-animal methods currently exist for assessing chemical toxicity in birds for 

risk assessment purposes. Nonetheless, the European Food Safety Authority (EFSA) provides guidelines for 

conducting risk assessments for birds and mammals using non-animal toxicity data and suggests utilizing the PBK 

model as well (Authority (EFSA) et al., 2023). This highlights the importance of developing the PBK models for 

bird species.  

Research by (Dogruer et al., 2021) highlights the benefits of using PBK models for the preservation of local 

species. They introduced a three-part framework that demonstrates how in silico and in vitro tests can be integrated 

to develop a comprehensive, mechanism-based chemical risk assessment. The process began with the creation 

and validation of a PBK model to understand the lifetime accumulation of cadmium in the kidneys of green sea 

turtles. This involved simulating chemical concentrations in the target organ for effect assessment. Next, a PBK-

based quantitative in vitro to in vivo extrapolation (QIVIVE) was performed using reverse dosimetry PBK 

modeling and basal in vitro cytotoxicity data. This approach, commonly referred to as bottom-up PBK modeling, 

uses in vitro assay data to estimate in vivo exposure to a xenobiotic (Tan et al., 2018). QIVIVE has been used 

widely in the pharmaceutical sector for the prediction of drug-drug interactions, the modeling of systemic 

exposure in diseases, and the prediction of pharmacokinetics in special populations (Rowland et al., 2011; Shebley 

et al., 2018). The simulated internal concentration-response relationships were then validated using concentration-

dependent health biomarkers. This led to the assessment of toxicity thresholds, including cytotoxicity thresholds 

at the biological target site, and the determination of the corresponding environmental threshold value. Finally, 

adverse health risks were quantified by comparing these threshold values to reported environmental 

concentrations, providing insight into the current risk of the chemical to the species of interest. Overall, this 

framework offers a simple and cost-effective method for predicting and proactively managing environmental 

issues. It can also be applied to models for different chemicals and species, helping to prioritize actions for 

addressing harmful long-term chemical exposures. For regulatory frameworks, the quantitatively derived 

exposure threshold limits for wildlife risk assessment facilitate the practical application of science-based policy 

decisions. 

Significant progress has been made in developing PBK models for mammal species due to their applications 

in pharmacology. However, compared to mammals, the development of PBK models for birds, which are 

important in environmental risk assessment (e.g., for pesticides), is not as advanced (Mavroudis et al., 2018). Most 

available PBK models of birds are PBK models simulating veterinary drugs in chickens (Thompson et al., 2021). 

Apart from that, there are only a handful of PBK models developed to simulate specific chemicals in other bird 

species, for example, American kestrels, turkeys, pheasants, and quails (Cortright et al., 2009; Fernie et al., 2011). 

Typically, specific PBK models are adjusted to fit the kinetics of individual compounds. The development of such 

models necessitates extensive kinetic data to allow for thorough parameterization, precise calibration, and 

validation (Jongeneelen & Berge, 2011; Lu et al., 2016). Regrettably, such data are frequently unavailable for 

most non-pharmaceutical chemicals, which obstructs the use of PBK models for chemicals with limited data 

availability. As an alternative, a generic PBK approach can be employed. Generic PBK models have a 

predetermined compartmental structure with species-specific physiological parameters, and chemical-specific 

parameters can be derived from in vitro biokinetic metabolism assays combined with in silico models (Paini et 

al., 2019; Punt et al., 2022). The limited availability of PBK models for many bird species underlines the need for 

developing a generic avian PBK model covering bird species commonly used in environmental risk assessment, 

especially for plant protection products (PPP) given their widespread use, dispersal, and toxic potencies.   

The application of PPP to protect crop yields from pests and diseases poses a risk to the ecosystem (Jeschke, 

2016; Spaiser et al., 2017; UN General Assembly, 2015). These products disperse into the air, soil, surface water, 

groundwater, and oceans, leading to potentially adverse effects on non-target species including avian species 

(Fantke et al., 2012; Fantke & Jolliet, 2016; Halleux, 2023; Li, 2020)(Fantke et al., 2012; Fantke & Jolliet, 2016; 

Halleux, 2023; Li, 2020). They are exposed to PPPs through inhalation of contaminated air, dermal contact during 

and after spray application, and oral uptake via their food sources such as crops, weeds, and insects. Additionally, 

their feathers can come into contact with residue on crops and weeds (EFSA (European Food Safety Authority), 

2009). This indicates that the use of PPPs potentially poses a significant threat to the health of bird populations. 

Therefore, proper risk assessments for PPPs in avian species are essential.  
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Fipronil is a pesticide widely used for plant protection and pest control on pets (Diepens et al., 2023; Ministerie 

van Landbouw, 2017). Fipronil potentially enters surface water via wastewater discharge from the washout and 

accumulates in the environment due to its persistence in soil (Bhatt et al., 2023; Perkins et al., 2024). Birds can 

be exposed to fipronil via contaminated seed and the environment (Szabo et al., 2009). In 2017, it was discovered 

that some eggs had been contaminated with fipronil in the Netherlands, showing the potential to accumulate in 

the food chain (Corrias et al., 2021). Furthermore, the research highlighted differences in sensitivity to fipronil 

among bird species (Fipronil Environmental Effects, n.d.). This sensitivity varies widely from being highly toxic 

in Galliform birds (with LD50 values of 11.3, 31, and 34 mg/kg for bobwhite quail, ring-necked pheasant, and 

red-legged partridge, respectively) to being non-toxic in mallard ducks (with an LD50 value greater than 2,150 

mg/kg) (US EPA, 1996). This variation complicates the ability to predict fipronil toxicity in avian species that 

have not been studied. 

This study aims to develop a PBK model for the bobwhite quail (Colinus virginianus), adapted from an existing 

chicken (Gallus gallus domesticus) PBK model. The model was designed to simulate the pharmacokinetic profile 

of fipronil in quail, with a particular focus on its major metabolite, fipronil sulfone. The simulations were 

evaluated against existing experimental pharmacokinetic data in quail, specifically comparing the model's 

predictions with in vivo data of substrate concentration in liver, fat, and brain reported in the literature. 

 

Abbreviations 

AUC  Area under the curve 

Cmax  Maximum concentration 

Km  Michaelis-Menten constant  

QIVIVE  Quantitative in vitro to in vivo extrapolation 

PBK  Physiologically based kinetic  

PPP  Plant protection product 

Tmax  Corresponding time of maximum concentration 

Vmax  Maximum rate achieved 

2. Materials and methods 

2.1.  PBK model structure and development 

The chicken model from (Lautz et al., 2022) consists of two sub-models, including fipronil as a parent 

compound and fipronil sulfone as a major metabolite. The structure of the model has eleven compartments, 

including the gut, liver, fat, brain, kidney, bone, muscle, lung, heart, reproductive system, and egg, connected by 

the circulatory system. The model structure for this study was simplified by grouping muscle and bone as slowly 

perfused tissue, while the lung, heart, and remaining tissues were grouped as rapid perfused tissue. Hence, the 

model structure of this study consists of nine compartments, including the gut, liver, fat, brain, kidney, rapidly 

perfused tissue, slowly perfused tissue, reproductive system, and egg, connected by the circulatory system. Oral 

intake was used as an exposure scenario, due to the in vivo data available on the result of substrate concentration 

in eggs for chicken and in liver, fat, and brain for quail after oral administration. The elimination processes, 

including hepatic metabolism, renal excretion, and transfer to the egg, were included in the model structure as 

well (Figure 1). There was no further conversion of the fipronil sulfone was detected from an in vitro incubation 

experiment by (Lautz et al., 2022). Available data also addressed that fipronil sulfone is very stable in chicken 

(Gerletti et al., 2020; Kitulagodage, 2011), so the clearance of fipronil sulfone was not included in this study. 

Mathematical equations were defined following the study from Lautz et al. (2022). Differential equations were 

implemented using Berkeley Madonna (Version 10.2.8; University of California at Berkeley, CA, USA). 

Graphical representations were carried out using GraphPad Prism version 10.0.0 for Windows (GraphPad 

Software, Boston, Massachusetts, USA). 
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The generic PBK model described in Lautz et al. (2022) and scripted in R, simulating the concentration-time 

profile of chemicals in chicken (Gallus gallus domesticus), was scripted in Berkeley Madonna (Version 10.2.8) 

in this study. Its performance was evaluated by the concentration of fipronil in the egg measured in vivo from 

MacLachlan (2008) (see section 2.3). Once the generic PBK model of chicken in Berkeley Madonna was 

evaluated, it was adjusted to model the concentration of fipronil and fipronil sulfone in quail by adjusting both the 

physiological and pharmacokinetic parameters in the model to describe the pharmacokinetics of the chemicals in 

quail (see section 3.2). 

Figure 1. Structure of the PBK model for chicken and quail. Fipronil enters the body via oral intake and enters the general bloodstream from 

the gut lumen and through liver. On the left side is the pathway of fipronil, which is metabolised (green arrow) to fipronil sulfone in the liver, 

which then circulates the body as depicted in the flow diagram on right side. Fipronil and its metabolite are excreted via eggs and urine. 

2.2. PBK model parameterization 

Physiological parameters for chicken were obtained from (Lautz et al., 2020, 2022) (Table 1). Physicochemical 

parameters for the chicken PBK model in this study were obtained from (Lautz et al., 2020), while 

pharmacokinetic parameters for the chicken were obtained from (Lautz et al., 2022). Notable differences between 

the (Lautz et al., 2022) model and the chicken PBK model in this study are that there is no separate compartment 

for bone, muscle, lung, and heart. Apart from the main organs, muscle and bone were grouped as slowly perfused 

tissue, while the lung, heart, and remaining tissues were grouped as rapid perfused tissue.  

The physiological parameters for the quail PBK model were gathered from various studies. Most of the 

physiological parameter values are from the study of bobwhite quail (Colinus virginianus) (Baier et al., 2022; 

Mahmoud & Coleman, 1967). However, some parameter values cannot be found for the same species, so they 

were gathered from the study of a close species, Japanese quail (Coturnix japonica) (Igado & Aina, 2010; 

Kawahara & Saito, 1976). As mentioned above, the fraction of slowly perfused tissue was calculated by combining 

muscle and bone tissue, while rapid perfused tissue was calculated by combining the lung, heart, and the remaining 

tissues. Michaelis-Menten kinetics parameters, including maximum reaction rate (Vmax) and Michaelis-Menten 

constant (Km), were achieved from the study on Japanese quail showing Vmax = 271 pmol/min/ mg protein and 

Km = 180 μM which resulted in hepatic intrinsic clearance (Vmax/Km) equal to 1.5 μL/min/mg protein. The 

fraction of blood flow and physicochemical parameters values for quail are not available; hence, the parameter 

values for chicken were used instead. A list of parameters and their values for both chicken and quail models and 

the reference are provided in Table 1.  
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Table 1. Physiological, physiochemical, and kinetic parameter values for the PBK model for chicken and quail. 

Parameter Abbreviation Chicken Reference Quail  Reference 

Physiological parameters           

Body weight; Kg BW 2.11 Lautz et al. 2020 0.2 Baier et al. 2022 

Fraction of fat tissue VFc 0.107 Lautz et al. 2020 0.015 Baier et al. 2022 

Fraction of liver tissue VLc 0.024 Lautz et al. 2020 0.0135 Baier et al. 2022 

Fraction of blood VBc 0.071 Lautz et al. 2020 0.08 Baier et al. 2022 

Fraction of rapid perfused tissue VRc 0.109 Lautz et al. 2020 0.2599 
Baier et al. 2022 

(Calculated) 

Fraction of slowly perfused tissue VSc 0.611 Lautz et al. 2020 0.5809 
Baier et al. 2022 
(Calculated) 

Fraction of brain tissue VBRc 0.003 Lautz et al. 2020 0.00355 Igado. 2010 

Fraction of gut tissue VGc 0.039 Lautz et al. 2020 0.01505 
Kawanara&Saito 

1975 

Fraction of reproductive tissue VRPc 0.028 Lautz et al. 2020 0.0256 
Kawanara&Saito. 

1975 

Fraction of kidney tissue VKc 0.008 Lautz et al. 2020 0.0065 Baier et al. 2022 

Volume of egg; Kg VEgg 0.055 MacLachlan 2008 0.0104 
Mahmoud&Colem
an. 1967 

Cardiac output; L/hr QC 0.34*60*BW Lautz et al. 2020 0.05*60*BW Baier et al. 2022 

Fraction of blood flow to fat tissue QFc 0.015 Lautz et al. 2020 0.015 Lautz et al. 2020 

Fraction of blood flow to liver tissue QLc 0.066 Lautz et al. 2020 0.066 Lautz et al. 2020 

Fraction of blood flow to brain 

tissue 
QBRc 0.004 Lautz et al. 2020 0.004 Lautz et al. 2020 

Fraction of blood flow to gut tissue QGc 0.177 Lautz et al. 2020 0.177 Lautz et al. 2020 

Fraction of blood flow to rapid 
perfused tissue 

QRc 0.159 Lautz et al. 2020 0.159 Lautz et al. 2020 

Fraction of blood flow to slowly 

perfused tissue 
QSc 0.322 Lautz et al. 2020 0.322 Lautz et al. 2020 

Fraction of blood flow to 

reproductive tissue 
QRPc 0.143 Lautz et al. 2020 0.143 Lautz et al. 2020 

Fraction of blood flow to kidney 

tissue 
QKc 0.114 Lautz et al. 2020 0.114 Lautz et al. 2020 

Blood flow to egg; L/hr QEgg 0.012 Lautz et al. 2020 0.012 Lautz et al. 2020 
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Parameter Abbreviation Chicken Reference Quail Reference 

Physicochemical parameters      

Fat tissue/ blood partition 
coefficient of fipronil 

PFfip 104 Lautz et al. 2020 104 Lautz et al. 2020 

Liver tissue/ blood partition 

coefficient of fipronil 
PLfip 8.12 Lautz et al. 2020 8.12 Lautz et al. 2020 

Brain tissue/ blood partition 

coefficient of fipronil 
PBRfip 12.98 Lautz et al. 2020 12.98 Lautz et al. 2020 

Gut tissue/ blood partition 
coefficient of fipronil 

PGfip 10.25 Lautz et al. 2020 10.25 Lautz et al. 2020 

Rapid perfused tissue/ blood 

partition coefficient of fipronil 
PRfip 3.21 Lautz et al. 2020 3.21 Lautz et al. 2020 

Slowly perfused tissue/ blood 

partition coefficient of fipronil 
PSfip 5.01 Lautz et al. 2020 5.01 Lautz et al. 2020 

Reproductive tissue/ blood partition 
coefficient of fipronil 

PRPfip 8.12 Lautz et al. 2020 8.12 Lautz et al. 2020 

Kidney tissue/ blood partition 

coefficient of fipronil 
PKfip 4.94 Lautz et al. 2020 4.94 Lautz et al. 2020 

Fat tissue/ blood partition 

coefficient of fipronil-sulfone 
Pfsul 117 Lautz et al. 2020 117 Lautz et al. 2020 

Liver tissue/ blood partition 
coefficient of fipronil-sulfone 

Plsul 8.34 Lautz et al. 2020 8.34 Lautz et al. 2020 

Brain tissue/ blood partition 

coefficient of fipronil-sulfone 
PBRsul 13.3 Lautz et al. 2020 13.3 Lautz et al. 2020 

Gut tissue/ blood partition 

coefficient of fipronil-sulfone 
Pgsul 10.5 Lautz et al. 2020 10.5 Lautz et al. 2020 

Rapid perfused tissue/ blood 
partition coefficient of fipronil-

sulfone 

Prsul 3.29 Lautz et al. 2020 3.29 Lautz et al. 2020 

Slowly perfused tissue/ blood 

partition coefficient of fipronil-

sulfone 

Pssul 5.14 Lautz et al. 2020 5.14 Lautz et al. 2020 

Reproductive tissue/ blood partition 
coefficient of fipronil-sulfone 

PRPsul 8.34 Lautz et al. 2020 8.34 Lautz et al. 2020 

Kidney tissue/ blood partition 

coefficient of fipronil-sulfone 
Pksul 5.1 Lautz et al. 2020 5.1 Lautz et al. 2020 

Pharmacokinetic parameters           

Fraction of absorption fa 0.5 Lautz et al. 2022 0.5 Lautz et al. 2022 

Absorption constant; /hr ka 0.6 Lautz et al. 2022 0.6 Lautz et al. 2022 

S9 protein yield per wet weight 
liver; mg/g 

MPL 60 Lautz et al. 2022 60 Lautz et al. 2022 

Fipronil hepatic intrinsic clearance; 

ul/min/mg 
cl_fip 29.6 Lautz et al. 2022 1.5 

(Khidkhan et al., 

2022) 

Fipronil renal clearance; L/min/kg cl_renal 0 Lautz et al. 2020 0 Lautz et al. 2020 
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2.3. Model evaluation and sensitivity analysis 

The PBK model was validated by comparing the model prediction and in vivo data of fipronil and fipronil 

sulfone concentration within the organs, which were obtained from the literature. Fipronil concentration in eggs 

(D. j. MacLachlan, 2008) were used for chicken model validation, while fipronil and its metabolite concentrations 

in liver, fat, and brain (Kitulagodage, 2011) were used for quail model validation, according to the data available.  

Sensitivity analysis is a methodical investigation that helps understand how changes in a model's input 

parameters can impact its simulation outputs (Pletz et al., 2020). It involves changing each parameter one by one 

while keeping the others constant. The normalized sensitivity coefficients (SC) are then calculated using the 

following formula (Eq. 1). 

 

𝑆𝐶 =
(𝐶′ − 𝐶)

(𝑃′ − 𝑃)
×
𝑃

𝐶
 

 (1) 

 

 Here, C represents the initial value of the model output, C' represents the output after a 1% parameter 

change, P represents the initial parameter value, and P' represents the parameter value modified by an increase of 

1%. This formula helps quantify the degree to which changes in each parameter affect the model output (Chiu et 

al., 2007; Strikwold et al., 2013). The parameters with an absolute SC value higher than 0.1 are considered as 

significantly affected (Rietjens et al., 2011). 

3. Results 

The aim of this study was to develop a PBK model for simulating tissue concentrations of the pesticide fipronil 

and its metabolite, fipronil sulfone, in quail based on a generic PBK model for chicken. Predicting quantities such 

as the area under the curve (AUC) or maximum concentration (Cmax) and corresponding times (Tmax) after oral 

exposure were performed by the developed quail model. The structure of the generic PBK model is illustrated in 

Figure 1, and Appendix A.1 and A.2 provide code of the PBK model for both chicken and quail. 

3.1. Chicken model 

The case study that was used as a validation gave 0.103 mg/kg BW of fipronil for chicken, resulting in a slight 

increase in fipronil concentration in eggs and level off at 0.0918 mg/kg from day 20 to day 42 (MacLachlan, 

2008). As shown in Figure 2, the prediction from the chicken PBK model underestimated the maximum 

concentration in the egg by 230-fold. Moreover, the duration of concentration accumulation until reaching the 

peak is much sooner compared to the in vivo data (Table 2). 
 

Figure 2. Comparison of the concentration of fipronil in the egg predicted by a chicken model (solid line) and the concentration of fipronil in 

the egg measured in vivo from (MacLachlan, 2008) at an oral dose of fipronil 0.103 mg/kg BW exposure (filled square).  
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Table 2. The area under curve (AUC), maximum concentration (Cmax), and corresponding times (Tmax) of fipronil concentration from 

chicken model prediction and in vivo data (MacLachlan, 2008). 

 

 Model prediction In vivo data 

AUC 0.1924 17.4700 

Cmax 0.0004 0.0918 

Tmax 13.05 480.00 

 

3.2. Quail model 

The study from Kitulagodage et al. (2011) showed the consistency concentrations from hour 8 to hour 96 

showed that fipronil concentrations in the liver and brain were metabolized rapidly. Fipronil possibly turned into 

its metabolite, fipronil sulfone, within the first 8 hours. This aligns with the model prediction, which showed the 

peak within the first 8 hours, then sharply decreased and leveled off (Figure 3A and 3C). While measured fipronil 

sulfone concentration in the liver and brain from the study of Kitulagodage et al. (2011) gradually increased and 

reached the peak (Cmax = 22.33 and 10.23 mg/kg in liver and brain, respectively) at hour 72 (Table 4). This 

contrasts with the model prediction, which states that the fipronil sulfone concentration sharply increases during 

the first 8 hours in the liver, resulting in a large difference in Tmax. However, the Cmax of the fipronil sulfone 

prediction is similar to the measured data, resulting in a 1.36-fold difference (Figure 3D and Table 4). The trend 

of measured fipronil sulfone concentration in brain is similar to the one in liver but lower in amount of substrate 

(Kitulagodage et al., 2011). Therefore, the model prediction of fipronil sulfone concentration in the brain has a 

much lower Cmax compared to the in vivo data, around 14.9-fold (Figure 3F and Table 4). 

Fipronil and its metabolite concentrations are most concentrated in fat tissue, according to the lipophilic 

characteristics of fipronil and fipronil sulfone (log Kow = 4.0 and 4.42, respectively (Kim et al., 2021; Lautz et 

al., 2022) (Figures 3B and 3E). However, the model prediction of fipronil and fipronil sulfone concentrations is 

much lower than the measured data, resulting in 226.6-fold and 277.0-fold differences, respectively (Tables 3 and 

4). 
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Figure 3. Comparison of the concentration of fipronil in liver (A), fat (B), and brain (C) and concentration of fipronil sulfone in liver (D), fat 

(E), and brain (F) predicted by a quail model (solid line) and the concentration of fipronil in the measured in vivo from (Kitulagodage et al., 

2011) at an oral dose of fipronil 11.3 mg/kg BW exposure (filled square). 
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Table 3. The area under curve (AUC), maximum concentration (Cmax), and corresponding times (Tmax) of fipronil concentration from quail 

model prediction and in vivo data (Kitulagodage et al., 2011). 

 

Fipronil 

Liver Fat Brain 

Model prediction In vivo data Model prediction In vivo data Model prediction In vivo data 

AUC 7.525 22.5 0.9379 161.8 8.697 7.293 

Cmax 2.891 0.2557 0.01 2.266 0.6779 0.08287 

Tmax 0.5243 7.914 44.91 95.91 3.914 7.914 

 

 

Table 4. The area under curve (AUC), maximum concentration (Cmax), and corresponding times (Tmax) of fipronil sulfone concentration 

from quail model prediction and in vivo data (Kitulagodage et al., 2011). 

 

Fipronil 

Liver Fat Brain 

Model prediction In vivo data Model prediction In vivo data Model prediction In vivo data 

AUC 220 1346 23.46 77.9 8.911 630.5 

Cmax 30.48 22.33 0.2812 77.9 0.6855 10.23 

Tmax 1.049 71.91 100 95.91 3.914 71.91 

 

3.3. Sensitivity analysis 

A sensitivity analysis was conducted on each parameter individually to observe how small perturbations (1%) 

from the parameter values (x-axis) impact the model prediction and influence the output (in this case Cmax and 

AUC). The parameters with an absolute SC value higher than 0.1 were shown here since they were considered 

significantly affected (Rietjens et al., 2011). The higher the sensitivity index for a parameter, the greater the impact 

on the output (Figure 4). 

The fraction of absorption has a high influence on all model predictions. The parameters related to the liver, 

including VLc, MPL, and fipronil hepatic intrinsic clearance have a high influence on both Cmax and AUC of 

fipronil concentration in all three types of tissue, including liver, fat, and brain, but it does not much influence 

fipronil sulfone concentration prediction except for the concentration in the brain. Most of the parameters, 

especially for the fraction of blood flow to the tissues, have a strong influence on AUC over Cmax (Figure 4D). 

While each of the parameters influences Cmax and AUC differently, the result in fat tissue shows the similarity 

in the level of parameter influences Cmax and AUC (Figure 4B and 4E). This is related to the trend of model 

prediction on fipronil and fipronil sulfone concentration in fat (Figures 3B and 3E). 
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Figure 4. Comparison of the normalized sensitivity coefficient of various parameters derived from the model's predictions on the maximum 

concentration (Cmax: black bar) and the area under curve (AUC: gray bar) of fipronil concentration in the liver (A), fat (B), and brain (C) and 

fipronil sulfone concentration in the liver (D), fat (E), and brain (F). The sensitivities for the quail on a dose of 11.3 mg fipronil/kg BW. Each 

bar indicates the normalized sensitivity coefficient of a particular parameter, with the absolute value of the coefficient showing how the 

parameter influences the model output. Parameters with absolute values exceeding 0.1 (red solid line) were shown here since they are 

considered significant influences (Rietjens et al., 2011). The parameters stand for BW= body weight, VLc= fraction of liver tissue, VSc= 

fraction of slowly perfused tissue, VBRc= fraction of brain tissue, VGc= fraction of gut tissue, QFc = fraction of blood flow to fat, QLc= 

fraction of blood flow to liver, QBRc= fraction of blood flow to brain, QGc= fraction of blood flow to gut, QRc= fraction of blood flow to 

rapid perfused tissue, QSc= fraction of blood flow to slowly perfused tissue, QRPc= fraction of blood flow to reproductive tissue, QKc= 

fraction of blood flow to kidney, PLfip= liver/blood partition coefficient of fipronil, PBRfip= brain/blood partition coefficient of fipronil, 

PGfip= gut/blood partition coefficient of fipronil, PSfip= slowly perfused tissue/blood partition coefficient of fipronil, PRPfip= reproductive 

tissue/blood partition coefficient of fipronil, PLsul= liver/blood partition coefficient of fipronil sulfone, PSsul= slowly perfused tissue/blood 

partition coefficient of fipronil, PRPsul= reproductive tissue/blood partition coefficient of fipronil, fa= fraction of absorption, ka= absorption 

constant, MPL= S9 protein yield per gram wet weight liver, and cl_fip= fipronil hepatic intrinsic clearance. 
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4. Discussion 

4.1. Model Evaluation and Sensitivity Analysis 

The prediction from the recreated chicken PBK model was not as we expected due to the over 10-fold 

difference in the prediction. Even though most of the parameters and mathematical equations were gathered from 

the same study, it gave a totally different result compared to the in vivo data and also the prediction itself from 

the original study. This indicates a hole in translating the code from R software into Berkeley Madonna, especially 

for the exposure scenario, which is not clearly shown in the code, which might cause the mistranslation. 

Based on the quail model prediction, further validation of the model is necessary. The sensitivity analysis 

results indicate that certain parameters strongly influence the model's prediction, and adjusting their values would 

aid in model validation. The absorption fraction used in this study is 0.5, as recommended by Lautz et al. (2022). 

However, this value could vary from 0.44 to 0.72 (Gerletti et al., 2020; Kitulagodage, 2011). Additionally, studies 

by Khidkhan et al. (2022) and Lautz et al. (2022) reported different values of fipronil hepatic intrinsic clearances 

of 6.4 and 29.6 ul/min/mg protein, respectively. The prediction of both fipronil and fipronil sulfone concentration 

from quail model, especially in liver and brain, reached the peak of concentration sooner than the actual 

concentration from the in vivo study (Tmax of the model prediction is lower than the one from in vivo data) and 

also eliminated faster. This might align with the kinetic parameter values as well. The accuracy of the PBK model 

might be affected due to interspecies differences since the parameters used to develop the model were gathered 

from different species. PBK model equations were based on chicken, while some data were collected from close 

species available in the literature, the Japanese quail (Coturnix japonica), or chicken data in case of there is no 

data available for quail.  

4.2. Limitations and Recommendations 

The chicken model, which was recreated based on an existing model, should be performed as well as the 

reference one. This is an initial step to further develop the quail model later on. However, the chicken model did 

not perform as well as we expected due to the time restriction. In order to improve that comparing with other 

generic chicken models should be considered. Apart from the generic chicken model from Baier et al. (2022) and 

Lautz et al. (2020) also develop a generic avian model on PK-Sim, which is able to predict the concentration in 

eggs as well. However, since these two models were developed on different platforms, similar to the one that was 

developed in this study, there is a loss of translation across the platform that should be considered as well. 

Moreover, the generic chicken model also was tested on many chemicals, so it should be considered to investigate 

as well in order to compare the prediction and improve the model for better prediction. 
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Appendix A. Berkley Madonna Code for fipronil and fipronil sulfone 

A.1. Chicken model 

;Date:23-07-2024 

;Chemical: Fipronil 

;Specie: Chicken  

;Exposure: Single oral dose {mg/kg}  

;Complied by: Thitirat Kanokjiraporn 

;Organisation: Wageningen University 

 

;========================================================================== 

;Physiological parameters 

;========================================================================== 
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;tissue volume 

BW=2.11 {Kg} ;body weight (Lautz et al. 2020=2.11) (Baier et al. 2022 = 1.36 kg) (MacLachlan 

2008 = 1.6) 

;fraction of tissue (Lautz et al. 2020) 

VFc=0.107 ;fraction of fat tissue                                              

VLc=0.024 ;fraction of liver tissue                                            

VBc= 0.071 ;fraction of blood                                                    

VRc= 0.109 ;fraction of rapid perfused tissue  (Heart + Lung+etc)        

VSc= 0.611 ;fraction of slowly perfused tissue (Muscle + Bone)       

VBRc=0.003 ;fraction of brain tissue 

VGc=0.039 ;fraction of gut tissue 

VRPc=0.028  ;fraction of reproductive tissue 

VKc=0.008 ;fraction of kidney tissue 

 

                             

VF = VFc*BW  {Kg} ; volume of fat tissue (calculated) 

VL = VLc*BW  {Kg} ; volume of liver tissue (calculated) 

VB = VBc*BW   {Kg} ; volume of blood (calculated) 

VR = VRc*BW   {Kg} ; volume of rapid perfused tissue (calculated) 

VS = VSc*BW  {Kg} ; volume of slowly perfused tissue (calculated) 

VBR = VBRc*BW {Kg} ; volume of brain (calculated) 

VG = VGc*BW   {Kg} ; volume of gut (calculated) 

VRP = VRPc*BW  {Kg} ; volume of reproductive (calculated) 

VK = VKc*BW   {Kg} ; volume of kidney (calculated) 

VEgg = 0.055   {Kg} ; 55g (MacLachlan 2008) 

 

 

 

;--------------------------------------------------------------------------------------------------------------------   

;blood flow rates 

; reference: (Lautz et al. 2020) 

QC = 0.34*60*BW {L/hr} ; cardiac output   

QFc = 0.015  ; fraction of blood flow to fat  

QLc = 0.066  ; fraction of blood flow to liver  

QBRc = 0.004  ; fraction of blood flow to brain  

QGc = 0.177  ; fraction of blood flow to gut  

QRc = 0.159  ; fraction of blood flow to rapid perfused tissue  

QSc = 0.322   ; fraction of blood flow to slowly perfused tissue  

QRPc=0.143   ;fraction of blood flow to reproductive tissue 

QKc=0.114  ;fraction of blood flow to kidney tissue 

 

     ;Total fractions is 1  

  

QF = QFc*VF  {L/hr} ; blood flow to fat tissue (calculated) 

QL = QLc*QC  {L/hr} ; blood flow to liver tissue (calculated) 

QBR = QBRc*QC {L/hr} ; blood flow to brain tissue (calculated) 

QG = QGc*QC  {L/hr} ; blood flow to gut tissue (calculated) 

QS = QSc*QC   {L/hr} ; blood flow to slowly perfused tissue (calculated) 

QR = QRc*QC   {L/hr} ; blood flow to rapid perfused tissue (calculated) 

QRP = QRPc*QC  {L/hr} ; blood flow to reproductive tissue (calculated) 

QK = QKc*QC   {L/hr} ; blood flow to slowly kidney tissue (calculated) 

QEgg = 0.012  {L/hr} ; blood flow to egg (Lautz et al. 2020) 

 

 

;===================================================================== 

;Physicochemical parameters  

;===================================================================== 

 



 Kanokjiraporn / MSc Thesis (2024) 14 

 

;partition coefficients fipronil 

;ref (Lautz et al. 2020) 

PFfip = 104 ; fat/blood partition coefficient  

PLfip = 8.12   ; liver/blood partition coefficient 

PBRfip=12.98 ; brain/blood partition coefficient  

PGfip=10.25 ;gut/blood partition coefficient  

PRfip = 3.21 ; richly perfused tissue/blood partition coefficient (heart3.21, lung1.17) 

PSfip = 5.01 ; slowly perfused tissue/blood partition coefficient (bone14.16, muscle5.01) 

PRPfip=8.12 ;reproductive/blood partition coefficient  

PKfip=4.94 ;kidney/blood partition coefficient  

 

 

;--------------------------------------------------------------------------------------------------------------------   

 

;partition coefficients fipronil-sulfone 

;ref (Lautz et al. 2020) 

 

PFsul = 117 ; fat/blood partition coefficient  

PLsul = 8.34  ; liver/blood partition coefficient  

PBRsul=13.3 ; brain/blood partition coefficient  

PGsul=10.5 ;gut/blood partition coefficient  

PRsul = 3.29 ; richly perfused tissue/blood partition coefficient (heart3.29, lung1.19) 

PSsul = 5.14 ; slowly perfused tissue/blood partition coefficient (bone14.54, muscle5.14) 

PRPsul=8.34 ;reproductive/blood partition coefficient  

PKsul=5.1 ;kidney/blood partition coefficient 

;===================================================================== 

;Kinetic parameters  

;=================================================================== 

;fa=Fractional absorption  

fa=0.5                     ; fraction of absorption (Lautz et al. 2020=0.5)(MacLachlan 2008=0.74)  

  

; Absorption constant    

Ka  = 0.6             {/hr}   ;  (Lautz et al. 2022 :=0.01 {/min}) 

 

;Metabolism liver 

MPL=60  ; (mg protein/g liver) scaling factor of liver  (Lautz et al. 2022) 

 

;===================================================================== 

;Run settings 

;===================================================================== 

 

;Molecular weight 

MWfip = 437.1 ; Molecular weight fipronil (https://pubchem.ncbi.nlm.nih.gov/compound/Fipronil) 

MWsul = 453.1   ; Molecular weight fipronil-sulfone 

(https://pubchem.ncbi.nlm.nih.gov/compound/Fipronil-sulfone) 

 

cl_fip1 = 29.6   {ul/min/mg s9 protein}  ;cl_fip= fipronil intrinsic clearance 

cl_fip = cl_fip1*MPL*60*10E-6*VL*1000  {L/hr}  

cl_renal = 0 

 

 

    

;Oral dose  

ODOSE1 = 0.103 {mg/kg BW} ;(MacLachlan 2008 = 0.103)  (Corrias et al. 2021=11.63) 

 

;feed 100g/d for 7 days (Corrias et al. 2021) 

 

ODOSEmg = ODOSE1*BW 
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;time 

Starttime = 0 ; in hr 

Stoptime = 700 ; in hr  

 

;===================================================================== 

;Model calculations 

;=================================================================== 

; fipronil 

CGfip = AGfip/VG  

CVGfip = CGfip/PGfip 

CLfip = ALfip/VL  

CVLfip = CLfip/PLfip 

mfs=cl_fip*CLfip 

CFfip = AFfip/VF   

CVFfip = CFfip/PFfip 

CBRfip = ABRfip/VBR   

CVBRfip = CBRfip/PBRfip 

CRfip = ARfip/VR 

CVRfip = CRfip/PRfip  

CSfip = ASfip/VS 

CVSfip = CSfip/PSfip  

CKfip = AKfip/VK 

CVKfip = CKfip/PKfip 

Urine1= cl_renal* CKfip 

CRPfip = ARPfip/VRP 

CVRPfip = CRPfip/PRPfip   

Egg1 = QEgg * CRPfip  

CV1 = (QF*CVFfip + (QG+QL)*CVLfip + QBR*CVBRfip + QR*CVRfip + QS*CVSfip + QK*CVKfip + 

QRP*CVRPfip)/QC 

CA1 = ABfip/VB 

CEggfip = AEgg1/VEgg 

 

;fipronil sulfone 

CGsul = AGsul/VG  

CVGsul = CGsul/PGsul 

CLsul = ALsul/VL  

CVLsul = CLsul/PLsul 

CFsul = AFsul/VF   

CVFsul = CFsul/PFsul 

CBRsul = ABRsul/VBR   

CVBRsul = CBRsul/PBRsul 

CRsul = ARsul/VR 

CVRsul = CRsul/PRsul 

CSsul = ASsul/VS 

CVSsul = CSsul/PSsul  

CKsul = AKsul/VK 

CVKsul = CKsul/PKsul 

CRPsul = ARPsul/VRP 

CVRPsul = CRPsul/PRPsul  

Egg2 = QEgg * CRPsul 

C_Egg=AEgg2/0.0011875 

Egg_ex=C_Egg*0.002375  

CV2 = (QF*CVFsul + (QG+QL)*CVLsul + QBR*CVBRsul + QR*CVRsul + QS*CVSsul + QK*CVKsul + 

QRP*CVRPsul)/QC 

CA2 = ABsul/VB 
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;fipronil (diff) 

Alu' = -Ka* Alu  Init Alu = ODOSEmg*fa 

Absorb1' = Ka * Alu  Init Absorb1 = 0 

AGfip' = QG*(CA1-CVGfip) + Ka *Alu  Init AGfip = 0 

ALfip' = QL*(CA1-CVLfip) + QG*(CVGfip-CVLfip) - mfs  Init ALfip = 0 

Ameta' = mfs   Init Ameta = 0 

AFfip' = QF*(CA1-CVFfip)  Init AFfip = 0 

ABRfip' = QBR*(CA1-CVBRfip) Init ABRfip = 0 

ARfip' = QR*(CA1-CVRfip) Init ARfip = 0 

ASfip' = QS*(CA1-CVSfip)  Init ASfip = 0 

AKfip' = QK*(CA1-CVKfip) -Urine1  Init AKfip = 0 

AUrine1' = Urine1  Init AUrine1 = 0 

ARPfip' = QRP*(CA1-CVRPfip)-Egg1 Init ARPfip = 0 

AEgg1' = Egg1   Init AEgg1 =0 

ABfip' = QC*(CV1-CA1) Init ABfip =0 

MassBal1' = Absorb1-

(Ameta+AGfip+ALfip+AFfip+ARfip+ASfip+AKfip+AUrine1+ARPfip+AEgg1+ABfip)  

Init MassBal1 = 0 

 

Totalfri = Absorb1 

Calculatedfri = (Ameta+AGfip+ALfip+AFfip+ARfip+ASfip+AKfip+AUrine1+ARPfip+AEgg1+ABfip)  

ERRORfri=(Totalfri-Calculatedfri)/(Totalfri+1E-30)*100 

MBfri=Totalfri-Calculatedfri + 1  

 

 

;fipronil sulfone (diff) 

AGsul' = QG*(CA2-CVGsul)     Init AGsul = 0 

ALsul' = QL*(CA2-CVLsul) + QG*(CVGsul-CVLsul) + mfs  Init ALsul = 0 

Amfs' = mfs   Init Amfs = 0 

AFsul' = QF*(CA2-CVFsul)  Init AFsul = 0 

ABRsul' = QBR*(CA1-CVBRsul) Init ABRsul = 0 

ARsul' = QR*(CA2-CVRsul) Init ARsul = 0 

ASsul' = QS*(CA2-CVSsul)  Init ASsul = 0 

AKsul' = QK*(CA2-CVKsul)  Init AKsul = 0 

ARPsul' = QRP*(CA2-CVRPsul)-Egg2 Init ARPsul = 0 

AEgg2' = Egg2-Egg_ex   Init AEgg2 =0 

AEgg3' = Egg_ex   Init AEgg3 = 0 

ABsul' = QC*(CV2-CA2) Init ABsul =0 

MassBal2' = Amfs-(AGsul+ALsul+AFsul+ARsul+ASsul+AKsul+ARPsul+AEgg2+AEgg3+ABsul)  

Init MassBal2 = 0 
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A.2. Quail model 

 

;Date:23-07-2024 

;Chemical: Fipronil 

;Specie: Bobwhite Quail 

;Exposure: Single oral dose {mg/kg} 

;Complied by: Thitirat Kanokjiraporn 

;Organisation: Wageningen University 

 

;========================================================================== 

;Physiological parameters 

;========================================================================== 

;tissue volume 

BW=0.2 {Kg} ;body weight (Khidkhan et al. 2022= 0.15-0.2 kg) (Baier et al. 2022 = 0.2 kg)  

;fraction of tissue (Lautz et al. 2020) 

VFc=0.015 ;fraction of fat tissue                                              

VLc=0.0135 ;fraction of liver tissue                                            

VBc= 0.08 ;fraction of blood                                                    

VRc= 0.2599 ;fraction of rapid perfused tissue  (Heart + Lung+etc)        

VSc= 0.5809 ;fraction of slowly perfused tissue (Muscle + Bone)       

VBRc=0.00355 ;fraction of brain tissue 

VGc=0.01505 ;fraction of gut tissue 

VRPc=0.0256 ;fraction of reproductive tissue 

VKc=0.0065 ;fraction of kidney tissue 

 

                             

VF = VFc*BW  {Kg} ; volume of fat tissue (calculated) 

VL = VLc*BW  {Kg} ; volume of liver tissue (calculated) 

VB = VBc*BW   {Kg} ; volume of blood (calculated) 

VR = VRc*BW   {Kg} ; volume of rapid perfused tissue (calculated) 

VS = VSc*BW  {Kg} ; volume of slowly perfused tissue (calculated) 

VBR = VBRc*BW {Kg} ; volume of brain (calculated) 

VG = VGc*BW   {Kg} ; volume of gut (calculated) 

VRP = VRPc*BW  {Kg} ; volume of reproductive (calculated) 

VK = VKc*BW   {Kg} ; volume of kidney (calculated) 

VEgg = 0.0104   {Kg} ; 10.4g (Mahmoud&Coleman. 1967) 

 

 

 

;--------------------------------------------------------------------------------------------------------------------   

;blood flow rates 

; reference: (Lautz et al. 2020) 

QC = 0.05*60*BW {L/hr} ; cardiac output(Baier et al. 2022)  

QFc = 0.015  ; fraction of blood flow to fat  

QLc = 0.066  ; fraction of blood flow to liver  

QBRc = 0.004  ; fraction of blood flow to brain  

QGc = 0.177  ; fraction of blood flow to gut  

QRc = 0.159  ; fraction of blood flow to rapid perfused tissue  

QSc = 0.322   ; fraction of blood flow to slowly perfused tissue  

QRPc=0.143   ;fraction of blood flow to reproductive tissue 

QKc=0.114  ;fraction of blood flow to kidney tissue 

 

     ;Total fractions is 1  

  

QF = QFc*VF  {L/hr} ; blood flow to fat tissue (calculated) 

QL = QLc*QC  {L/hr} ; blood flow to liver tissue (calculated) 

QBR = QBRc*QC {L/hr} ; blood flow to brain tissue (calculated) 
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QG = QGc*QC  {L/hr} ; blood flow to gut tissue (calculated) 

QS = QSc*QC   {L/hr} ; blood flow to slowly perfused tissue (calculated) 

QR = QRc*QC   {L/hr} ; blood flow to rapid perfused tissue (calculated) 

QRP = QRPc*QC  {L/hr} ; blood flow to reproductive tissue (calculated) 

QK = QKc*QC   {L/hr} ; blood flow to slowly kidney tissue (calculated) 

QEgg = 0.012  {L/hr} ; blood flow to egg (Lautz et al. 2020) 

 

 

;===================================================================== 

;Physicochemical parameters  

;===================================================================== 

 

;partition coefficients fipronil 

;ref (Lautz et al. 2020) 

PFfip = 104 ; fat/blood partition coefficient  

PLfip = 8.12   ; liver/blood partition coefficient 

PBRfip=12.98 ; brain/blood partition coefficient  

PGfip=10.25 ;gut/blood partition coefficient  

PRfip = 3.21 ; rapid perfused tissue/blood partition coefficient (heart3.21, lung1.17) 

PSfip = 5.01 ; slowly perfused tissue/blood partition coefficient (bone14.16, muscle5.01) 

PRPfip=8.12 ;reproductive/blood partition coefficient  

PKfip=4.94 ;kidney/blood partition coefficient  

 

 

;--------------------------------------------------------------------------------------------------------------------   

 

;partition coefficients fipronil-sulfone 

;ref (Lautz et al. 2020) 

 

PFsul = 117 ; fat/blood partition coefficient  

PLsul = 8.34  ; liver/blood partition coefficient  

PBRsul=13.3 ; brain/blood partition coefficient  

PGsul=10.5 ;gut/blood partition coefficient  

PRsul = 3.29 ; richly perfused tissue/blood partition coefficient (heart3.29, lung1.19) 

PSsul = 5.14 ; slowly perfused tissue/blood partition coefficient (bone14.54, muscle5.14) 

PRPsul=8.34 ;reproductive/blood partition coefficient  

PKsul=5.1 ;kidney/blood partition coefficient 

;===================================================================== 

;Kinetic parameters  

;=================================================================== 

;fa=Fractional absorption  

fa=0.5                     ; fraction of absorption (Lautz et al. 2022) 

  

; Absorption constant    

Ka  = 0.6             {/hr}   ;  (Lautz et al. 2022 :=0.01 {/min}) 

 

;Metabolism liver 

MPL=60  ; (mg protein/g liver) scaling factor of liver  (Lautz et al. 2022) 

 

 

;===================================================================== 

;Run settings 

;===================================================================== 

 

;Molecular weight 

MWfip = 437.1 ; Molecular weight fipronil (https://pubchem.ncbi.nlm.nih.gov/compound/Fipronil) 

MWsul = 453.1   ; Molecular weight fipronil-sulfone 

(https://pubchem.ncbi.nlm.nih.gov/compound/Fipronil-sulfone) 
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cl_fip1 = 1.5   {ul/min/mg protein}   

;cl_fip= fipronil intrinsic clearance (Vmax/Km) (Khidkhan et al. 2022) 

cl_fip = cl_fip1*MPL*60*10E-6*VL*1000  {L/hr}  

cl_renal = 0 

 

 

    

;Oral dose  

ODOSE1 = 11.3 {mg/kg BW} ;(Kitulagodage et al.2010) 

ODOSEmg = ODOSE1*BW   {mg} 

 

 

;time 

Starttime = 0 ; in hr 

Stoptime = 700 ; in hr  

 

;===================================================================== 

;Model calculations 

;=================================================================== 

; fipronil 

CGfip = AGfip/VG  

CVGfip = CGfip/PGfip 

CLfip = ALfip/VL  

CVLfip = CLfip/PLfip 

mfs=cl_fip*CLfip 

CFfip = AFfip/VF   

CVFfip = CFfip/PFfip 

CBRfip = ABRfip/VBR   

CVBRfip = CBRfip/PBRfip 

CRfip = ARfip/VR 

CVRfip = CRfip/PRfip  

CSfip = ASfip/VS 

CVSfip = CSfip/PSfip  

CKfip = AKfip/VK 

CVKfip = CKfip/PKfip 

Urine1= cl_renal* CKfip 

CRPfip = ARPfip/VRP 

CVRPfip = CRPfip/PRPfip   

Egg1 = QEgg * CRPfip  

CV1 = (QF*CVFfip + (QG+QL)*CVLfip + QBR*CVBRfip + QR*CVRfip + QS*CVSfip + QK*CVKfip + 

QRP*CVRPfip)/QC 

CA1 = ABfip/VB 

CEggfip = AEgg1/VEgg 

 

;fipronil sulfone 

CGsul = AGsul/VG  

CVGsul = CGsul/PGsul 

CLsul = ALsul/VL  

CVLsul = CLsul/PLsul 

CFsul = AFsul/VF   

CVFsul = CFsul/PFsul 

CBRsul = ABRsul/VBR   

CVBRsul = CBRsul/PBRsul 

CRsul = ARsul/VR 

CVRsul = CRsul/PRsul 

CSsul = ASsul/VS 

CVSsul = CSsul/PSsul  



 Kanokjiraporn / MSc Thesis (2024) 20 

 

CKsul = AKsul/VK 

CVKsul = CKsul/PKsul 

CRPsul = ARPsul/VRP 

CVRPsul = CRPsul/PRPsul  

Egg2 = QEgg * CRPsul 

C_Egg=AEgg2/0.0011875 

Egg_ex=C_Egg*0.002375  

CV2 = (QF*CVFsul + (QG+QL)*CVLsul + QBR*CVBRsul + QR*CVRsul + QS*CVSsul + QK*CVKsul + 

QRP*CVRPsul)/QC 

CA2 = ABsul/VB 

 

;fipronil (diff) 

Alu' = -Ka* Alu   Init Alu = ODOSEmg*fa 

Absorb1' = Ka * Alu  Init Absorb1 = 0 

AGfip' = QG*(CA1-CVGfip) + Ka *Alu  Init AGfip = 0 

ALfip' = QL*(CA1-CVLfip) + QG*(CVGfip-CVLfip) - mfs  Init ALfip = 0 

Ameta' = mfs   Init Ameta = 0 

AFfip' = QF*(CA1-CVFfip)  Init AFfip = 0 

ABRfip' = QBR*(CA1-CVBRfip) Init ABRfip = 0 

ARfip' = QR*(CA1-CVRfip) Init ARfip = 0 

ASfip' = QS*(CA1-CVSfip)  Init ASfip = 0 

AKfip' = QK*(CA1-CVKfip) -Urine1  Init AKfip = 0 

AUrine1' = Urine1  Init AUrine1 = 0 

ARPfip' = QRP*(CA1-CVRPfip)-Egg1 Init ARPfip = 0 

AEgg1' = Egg1   Init AEgg1 =0 

ABfip' = QC*(CV1-CA1) Init ABfip =0 

MassBal1' = Absorb1-

(Ameta+AGfip+ALfip+AFfip+ARfip+ASfip+AKfip+AUrine1+ARPfip+AEgg1+ABfip)  

Init MassBal1 = 0 

 

Totalfri = Absorb1 

Calculatedfri = (Ameta+AGfip+ALfip+AFfip+ARfip+ASfip+AKfip+AUrine1+ARPfip+AEgg1+ABfip)  

ERRORfri=(Totalfri-Calculatedfri)/(Totalfri+1E-30)*100 

MBfri=Totalfri-Calculatedfri + 1  

 

 

;fipronil sulfone (diff) 

AGsul' = QG*(CA2-CVGsul)     Init AGsul = 0 

ALsul' = QL*(CA2-CVLsul) + QG*(CVGsul-CVLsul) + mfs  Init ALsul = 0 

Amfs' = mfs   Init Amfs = 0 

AFsul' = QF*(CA2-CVFsul)  Init AFsul = 0 

ABRsul' = QBR*(CA1-CVBRsul) Init ABRsul = 0 

ARsul' = QR*(CA2-CVRsul) Init ARsul = 0 

ASsul' = QS*(CA2-CVSsul)  Init ASsul = 0 

AKsul' = QK*(CA2-CVKsul)  Init AKsul = 0 

ARPsul' = QRP*(CA2-CVRPsul)-Egg2 Init ARPsul = 0 

AEgg2' = Egg2-Egg_ex   Init AEgg2 =0 

AEgg3' = Egg_ex   Init AEgg3 = 0 

ABsul' = QC*(CV2-CA2) Init ABsul =0 

MassBal2' = Amfs-(AGsul+ALsul+AFsul+ARsul+ASsul+AKsul+ARPsul+AEgg2+AEgg3+ABsul)  

Init MassBal2 = 0 
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