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A B S T R A C T

Florfenicol (FF) is used in cattle to treat respiratory diseases but could result in tissue residues. This study aimed
to develop a population physiologically based pharmacokinetic (PBPK) model to predict the concentrations of FF
and its metabolite, florfenicol amine (FFA), in cattle after four different routes of administration, and to calculate
and compare the withdrawal intervals (WDIs) with approved withdrawal times based on different marker re-
sidues and their MRLs or tolerances. A flow-limited PBPK model including both FF and FFA sub-models were
developed with published data using acslXtreme. This model predicted FF and FFA concentrations in tissues and
plasma/serum after intramuscular or subcutaneous administration. Based on the model, the WDIs of 46 and 58
days were calculated to ensure that total residue concentrations (FF + FFA) in 95th percentile of the population
after intramuscular and subcutaneous administration were below the MRL, respectively. WDIs were calculated as
44 and 47 days to ensure that FFA concentrations after intramuscular and subcutaneous administration fell
below tolerances in 99th percentile of the population, respectively. WDIs were longer than the corresponding
label in China, US, and EU. This model provides a useful tool to predict tissue residues of FF and FFA in cattle to
improve food safety.

1. Introduction

Florfenicol (FF, 2,2-dichloro-∼{N}-[(1∼{R},2∼{S})-3-fluoro-1-
hydroxy-1-(4-methylsulfonylphenyl)propan-2-yl]acetamide,
C12H14Cl2FNO4S, CAS # 73231-34-2) is a wide spectrum, synthetic
antibacterial substance and is commonly used to treat respiratory dis-
eases in animals (Atef et al., 2010). It inhibits protein synthesis of
susceptible bacteria (Gilliam et al., 2008), and acts by a concentration-
dependent killing mechanism (Sidhu et al., 2014). In vitro studies have
shown that FF has potent activity against respiratory pathogens, in-
cluding Mycoplasma bovis (Klein et al., 2017), Pasteurella multocida
(Wang et al., 2015; Welsh et al., 2004), Mannheimia haemolytica (Timsit
et al., 2017; Welsh et al., 2004), and Histophilus somni (Klima et al.,
2014; Timsit et al., 2017; Welsh et al., 2004). In vivo studies have also
demonstrated that FF is efficacious in the treatment of bovine re-
spiratory diseases (Hendrick et al., 2013; Lamm et al., 2012; Thiry

et al., 2014).
To our knowledge, FF residue in edible tissues from cattle is rela-

tively common compared with other antibiotics. In China, US, and the
EU, FF is labeled to be subcutaneously or intramuscularly given to
cattle with the same approved doses: a single subcutaneous dose at
40mg/kg body weight (BW) or two intramuscular doses each at 20mg/
kg BW with a 48-h interval (Commission of Chinese Veterinary
Pharmacopoeia (CCVP), 2015; EMA, 2002; FARAD, 2002). However,
different regulatory authorities adopted different marker residues and/
or withdrawal periods. In China, the marker residue of FF is the sum of
parent compound and one of its metabolites, florfenicol amine (FFA,
(1R,2S)-2-amino-3-fluoro-1-(4-methylsulfonylphenyl)propan-1-ol,
C10H14FNO3S, CAS # 76639-93-5), which is consistent with the marker
residue used by EMA (2002). The same maximum residue limits (MRLs)
for FF plus FFA of 0.2, 0.3, and 3 μg/g in muscle, kidney, and liver,
respectively are used in both China and EU (CCVP, 2015; EMA, 2002),
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while in the US, the marker residue is only FFA with the tolerances in
liver and muscle being 3.7 and 0.3 μg/g, respectively (FDA, 2017). In
addition to the differences in the marker residues and their MRLs or
tolerances between US and the other two regions; different percentiles
of population are used to calculate the withdrawal time. In China and
EU, the 95th percentile is used; however, the 99th percentile is used in
the US. In addition to the differences listed above, different withdrawal
times were adopted by these regulatory authorities even under the same
dosing regimen in cattle. In China, the labeled withdrawal time of FF is
28-day in cattle after both intramuscular and subcutaneous injections
(CCVP, 2015); while in the US and EU, the labeled withdrawal times
after IM injections are 28 and 30 days, respectively, and 38 and 44 days
after subcutaneous injection, respectively (FARAD, 2002; Veterinary
Medicines Directorate, 2007).

Excessive antibiotic residues in edible tissues may cause adverse
effects on human health (Baynes et al., 2016; Li et al., 2013; Yang et al.,
2013a). Their direct toxic effects include allergic reactions, carcino-
genic effect, gastrointestinal disturbances, photosensitivity, etc. In ad-
dition to these direct toxic effects, consumers are more concerned about
the potential prevalence of antibiotic resistance via exerting selective
pressure on bacteria (Liu et al., 2017; Yang et al., 2016). Toxicity stu-
dies conducted in rats (7, 14, 28 days and 13, 52 weeks) have shown
that FF caused changes in hematologic parameters, increases in liver
weights, and atrophy of testes (EMA, 2002). Therefore, the residues of
FF and its related compounds should be closely monitored, and it is of
great importance to accurately predict their tissue residues in cattle.

In recent years, there has been an increase in the applications of
physiologically based pharmacokinetic (PBPK) models to predict ve-
terinary drug residues (Henri et al., 2017; Leavens et al., 2014; Yang
et al., 2013b, 2018; Zhu et al., 2017) and their withdrawal intervals
(WDIs) (Buur et al., 2006; Li et al., 2017; Lin et al., 2016; Yang et al.,
2012, 2014, 2015; Zeng et al., 2017). WDIs in this manuscript are to
distinguish withdrawal periods derived from PBPK modeling from ap-
proved withdrawal periods (withdrawal times, WDT) derived from
regulatory authorities such as EMA in EU and US FDA in US. Compared
with the traditional empirical tolerance limit method for calculating
WDIs based on a single set of animal experimental data (FDA, 2018),
PBPK models are predictive in nature, and are based on mass-balance
equations and allow for the use of in vitro mechanistic as well as po-
pulation variability data to be incorporated to predict the drug con-
centrations in edible tissues in a diverse population of animals (Lin
et al., 2016). PBPK models for FF have been reported in crucian carp
(Yang et al., 2013b) and pigs (Qian et al., 2017). However, the corre-
sponding model is not available in cattle. In addition, the marker re-
sidue FFA was not incorporated in the previous two models and thus
they were limited in usefulness to predict the tissue depletion kinetic
profiles for FF only.

Taking into account the extensive applications of FF in cattle and its
residues in edible tissues from cattle, it is of great importance to es-
tablish a PBPK model including both FF and FFA to predict their re-
sidues in cattle. The objectives of this study were (i) to develop and
validate a PBPK model incorporating both FF and FFA in cattle; (ii) use
this model to predict the residue concentrations and WDIs after dif-
ferent routes of administration; (iii) to compare the WDIs under the
same dosage regimen but calculated according to the different marker
residues and their tolerances or MRLs, as well as different percentiles,
used by China, US, and EU.

2. Method

2.1. Concentrations versus time data of FF and FFA

All the concentrations versus time data of FF and FFA were obtained
from the Food Animal Residue Avoidance Databank (FARAD) com-
parative pharmacokinetic database (http://www.farad.org; Riviere
et al., 2017). The pharmacokinetic studies in cattle after intravenous

(IV), oral (PO), intramuscular (IM), or subcutaneous (SC) administra-
tion were selected. The plasma, serum, or tissue concentrations of FF
and FFA were obtained from the published table or extracted from the
published figures using GetData Graph Digitizer (version 2.26; http://
getdata-graph-digitizer.com). Key information of selected studies is
given in Table S1.

2.2. Model structure

The PBPK model included two sub-models: FF and its metabolite
FFA, which were connected with each other through hepatic metabo-
lism. FF sub-model was consisted of eleven compartments, including
stomach, intestine, liver, kidney, fat, muscle, lung, venous blood, ar-
terial blood, injection site (only for IM or SC models), and a compart-
ment representing the rest of the body (Fig. S1). Compared with FF sub-
model, stomach, intestine, fat, lung, and injection site were not in-
corporated in the FFA sub-model, and a mixed blood compartment was
used instead of venous and arterial blood (Fig. S1). As IM and SC in-
jections are the labeled routes of administration for FF in cattle, they
were both incorporated into the present FF sub-model. In addition to
these two approved routes, the IV and PO routes were also included,
because the IV concentration data could be used to determine the
parameters related to drug elimination and distribution that would be
further used under all routes of administration, while the rich PO
concentration data (Adams et al., 1987; Croubels et al., 2006; Varma
et al., 1986) were able to be used for further optimization or validation
of this model. According to our previous model for FF in crucian carp
(Yang et al., 2013b), the flow-limited compartments were applied for
both FF and FFA in the current study. The software of acslXtreme
(version 3.0.2.1; Aegis Technologies Group, Inc., Huntsville, Alaska)
was used to develop this model and run all simulations. The model code
is provided in the Supplementary Materials.

After IV administration, it was assumed that FF was directly injected
into the venous blood with the IV dose (mg/kg) multiplied by BW (kg)
and then divided by the duration of the infusion period (timeiv) which
was set as 0.001 h according to our previous report (Yang et al., 2018).

A two-compartment model (Yang et al., 2018) was used to simulate
the drug absorption after IM or SC injection. The injection site was
virtually divided into two parts: injection sites 1 and 2 (abbreviated as
IS1 and IS2, respectively), and it was assumed that FF was injected into
both IS1 and IS2 at the same time (time zero). For IM model, drug
allocated to IS1 was calculated as IM dose multiplied by Fim1 (unitless),
while the other FF was allocated to IS2 whose amount was equal to IM
dose multiplied by Fim2 (unitless), and the sum of Fim1 and Fim2 was 1.
For SC model, similar parameters (SC dose, Fsc1, and Fsc2) were used as
in the IM model. After IM or SC injection, FF was absorbed only from
IS1 with the absorption rate constants of Kaim or Kasc, respectively, and
drug was distributed from IS2 to IS1 with the distribution rate constants
of Kdisim or Kdissc, respectively (Fig. S1). The absorbed drug went di-
rectly into venous blood. To accurately simulate the absorption after IM
and SC injections, the bioavailability of FF was assumed to be 80%
(Faim; Lobell et al., 1994) and 100% (Fasc; Norbrook Laboratories, Ltd.,
2015), respectively. Moreover, to simplify the process of drug absorp-
tion, it was assumed that there was not any blood flow through both IS1
and IS2, and the injection site only served as a site for drug exposure
and absorption. More details about the differential equations to de-
scribe the IM and SC absorptions can be found in Table S2.

After PO administration, another two-compartment model con-
sisting of stomach and intestine was used to simulate the drug ab-
sorption according to our previous studies (Yang et al., 2013b, 2018). It
was assumed that FF went directly into stomach where it was available
immediately, then was transported to intestine by gastric emptying
with the rate of Kst and eventually absorbed there. Once in intestine, FF
was completely absorbed with a bioavailability of 100% (Adams et al.,
1987; Varma et al., 1986), and the absorption was only controlled by
the absorption rate constant of Kapo. The absorbed FF was assumed to
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directly enter the liver compartment from portal vein. To simplify the
PO model, portal vein was not modelled in details and it was merely a
passageway for drug transport. Moreover, hepatic blood flow in this
study was modelled as the combination of hepatic arterial and portal
veins (Table 1). A virtual stomach compartment was used to represent a
simplified model of the ruminant stomachs of cattle, with the stomach
and intestine only serving as sites for drug exposure and absorption,
respectively. In this model, gastric emptying and drug absorption were
both assumed to be first-order processes. More details about the dif-
ferential equations describing the oral absorption can be found in Table
S2.

After IV injection or absorption after extravascular administration,
FF is distributed to all tissue compartments through the blood flow. As
previously described (Yang et al., 2012, 2013b, 2018), the mass-bal-
ance differential equations (Table S2) were used to describe the FF and
FFA change rate in each compartment. According to the previous report
(EMA, 2002), FF is mainly eliminated by renal excretion and liver
metabolism. Therefore, the parameters of Clre and Km were used to si-
mulate these two processes, respectively. Clre was the abbreviation for
renal clearance of FF, which was further normalized by BW and ab-
breviated as Clreperkg in the final model, while Km was the metabolic
rate constant from FF to FFA in liver. According to the report of EMA
(2002), there are some other metabolites of FF besides the main me-
tabolite FFA, such as florfenicol alcohol, florfenicol oxamid acid, and
monochloride florfenicol. Additionally, in a radiometric depletion study
conducted in Atlantic Salmon after a single PO dose of 10mg/kg BW,
the ratios of FF and FFA to total radioactivity was determined as 4%
and 50.7%, respectively (EMA, 1997). Therefore, in the present study, it
was assumed that FFA account for 50% of all metabolites, and a para-
meter of FractionFFA was used to simulate this (Table S2). Since only
FFA is the marker residue of FF, all other metabolites were not mon-
itored in the present model. And the metabolic rate constants from FF to
other metabolites were combined, and abbreviated as Kmo. FFA is also

distributed to other tissues through the blood flow after its formation in
liver. Because the main elimination route of FFA in cattle was via urine
(63–71%; EMA, 1996), it was assumed that FFA was eliminated only by
renal excretion and its renal clearance was abbreviated as Clm, which
was also normalized by BW (abbreviated as Clmperkg). More details
about the differential equations describing the eliminations of FF and
FFA can be found in Table S2.

2.3. Model parameterization

It should be noted that all common parameters used in different
routes of the model shared their same values. Since the previously re-
ported concentrations in both serum and plasma (Table S1) would be
used to optimize or validate the present model, the parameters of pcv
(abbreviation for hematocrit) and pse were used to calculate the pro-
portions of plasma and serum to the total volume of whole blood, re-
spectively (more details can be found in the model code provided in the
Supplementary Materials). In order to simplify the simulation, it was
assumed that neither FF nor FFA would enter blood cell and the amount
of each compound in blood was equal to that in serum or plasma.

The other model parameters, including tissue weight (Vcx or Vcmx),
blood flow (Qcx or Qcmx), and the tissue/plasma partition coefficients
for both FF and FFA (abbreviated as Px and Pmx, respectively), are listed
in Table 1. The tissue weight and blood flow were both derived from the
previous model for penicillin G in cattle (Li et al., 2017), and expressed
as the fractions of BW and cardiac output (CO), respectively. Because
the average BWs of cattle were different in the previously published
studies (Table S1), the present model was adjusted according to the
specific BW reported in each study. The value of CO was 5.970 L/h/kg
(Doyle et al., 1960), and its unit was converted to L/h using the fol-
lowing equation: Qtot= CO×BW. The values of Pxs in muscle, liver,
and kidney were assumed to be equal to those previously reported in
fish (Yang et al., 2013b). While those values in lung, fat, and rest of

Table 1
Parameters of tissue weights, blood flows, and tissue/plasma partition coefficients used in this multiroute physiologically based pharmacokinetic model.

Compartment FF sub-model FFA sub-model Partition coefficient
for FFc (Px)

Partition coefficient for
FFAd (Pmx)

Tissue weighta (Vcx,
fraction of body
weight)

Blood flowb (Qcx,
fraction of cardiac
output)

Tissue weighta (Vcmx,
fraction of body weight)

Blood flowb (Qcmx,
fraction of cardiac
output)

Liver 0.014 0.405e 0.014 0.405e 1.3 8.7414
Kidney 0.002 0.090 0.002 0.090 0.9 1.3026
Fat 0.150 0.080 NA NA 0.1137 NA
Lung 0.008 1 NA NA 0.9 NA
Muscle 0.270 0.180 0.270 0.180 0.9 0.2778
Injection site (IM or

SC)
5 kgf NA NA NA NA NA

Arterial blood 0.010 NA NA NA NA NA
Venous blood 0.030 NA NA NA NA NA
Total blood NA NA 0.040g NA NA NA
Rest 0.516h 0.2450i 0.674j 0.325k 1.1332 0.0121

Note: NA=not available.
a Mean body weight (BW) was different in the published articles (Table S1), so this model was adjusted according to the average BW of cattle used in the study. The

parameters of tissue weights were derived from previously reported cattle model for penicillin G (Li et al., 2017).
b A cardiac output (CO) of 5.970 L/h/kg was reported by Doyle et al. (1960), and convert its unit from L/h/kg to L/h by the follow equation: Qtot= CO×BW. And

the blood flow for a tissue presented here represent fraction of Qtot, and their values were derived from the report by Li et al. (2017).
c Partition coefficient (Px) for FF in muscle, liver, and kidney in cattle were assumed to be equal to those previously reported in fish (Yang et al., 2013b). While

those in lung and fat were not reported in fish, so we optimized them.
d All partition coefficients (Pmxs) for FFA were obtained through optimization, and more details can be found in the manuscript.
e This value is the sum of hepatic artery plus portal vein flows.
f It was fixed to be 5 kg, and included in muscle fraction. In addition, the IM and SC injection sites were separated in the present model; both of them were assumed

to be the source of drug exposure.
g Its value was equal to the sum of arterial and venous blood listed in the second column.
h This value was calculated as 1-(0.030 + 0.010+0.270 + 0.008+0.150 + 0.002+0.014).
I This value was calculated as 1-(0.180 + 0.080+0.090 + 0.405).
j This value was calculated as 1-(0.040 + 0.270+0.002 + 0.014).
k This value was calculated as 1-(0.405 + 0.090+0.180).
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body compartment, which were not available in our previous fish
model, were obtained by optimization using the serum concentration
data reported by Bretzlaff et al. (1987). For all Pmxs, their values were
not available and were obtained through parameter optimization by
fitting to the published tissue concentrations of FFA (Schering-Plough
Animal Health Corporation, 2008). More details on the optimization
process were described below.

In addition to those optimized Pxs and Pmxs mentioned above, there
were other parameters whose values were difficult to be obtained.
Therefore, we also optimized them using the published FF and/or FFA
concentrations (Table S1). It should be noted that all parameter opti-
mizations were performed in the software of acslX using a maximum
likelihood algorithm of Nelder-Mead. During the parameter optimiza-
tion process, the serum concentrations of FF after IV injection (Bretzlaff
et al., 1987) were firstly used to optimize the parameters used in all
four routes of the model. These parameters included Clreperkg, partition
coefficients for FF in fat, lung, and rest of body (Pfa, Plu, and Pre, re-
spectively), as well as metabolic rate constants from FF to FFA (Km) and
from FF to all other metabolites (Kmo). The reason for choosing the
study of Bretzlaff et al. (1987) to perform the first optimization was that
detailed serum concentrations versus time data in five individuals were
reported in that study, and therefore it was relatively easy to obtain the
accurate optimization results. When the final values of these six para-
meters were obtained, the FF concentrations in plasma or serum after IV
injection (Table S1) published by other researchers (Adams et al., 1987;
de Craene et al., 1997; Gilliam et al., 2008; Lobell et al., 1994; Varma
et al., 1986) were used to verify the validity of these parameters
through visual comparisons of the predicted and published FF con-
centrations. If most predictions were consistent with the observations,
these optimized parameter values were fixed. Next, we further opti-
mized other parameters used in the SC model, including Kasc, Kdissc, and
Fsc1 based on the FF concentrations in plasma published by Kawalek
et al. (2016). The other concentration data in plasma or serum (Lacroix
et al., 2011; Schering-Plough Animal Health Corporation, 2006; Sidhu
et al., 2014) were used to validate these optimized values.

After final determination of these parameter values for FF, the
published tissue concentrations of FFA after SC administration
(Schering-Plough Animal Health Corporation, 2008) were used to fur-
ther optimize the parameters for FFA in all routes of the model. These
parameters included BW-normalized clearance of FFA (Clmperkg) and all
partition coefficients for FFA, including Pmli, Pmki, Pmmu, and Pmre. And
the concentrations of FFA reported by others (Intervet, Inc., 2009;
Norbrook Laboratories, Ltd., 2015) were used to validate these opti-
mized values. Until now, most parameters used in this multiroute model
were determined except those related to the absorption after IM and PO
administration, including Kaim, Fim1, Kdisim, Kst, and Kapo. Therefore, the
previously reported FF concentrations in plasma or serum (Croubels
et al., 2006; Lobell et al., 1994) were used to determine the final values
of these parameters, and those reported by others (Adams et al., 1987;
Lacroix et al., 2011; Varma et al., 1986) were used to validate them. It
should be noted that, during all optimizations, all simulations were
adjusted on the basis of dosage and BWs; additionally, every validation
was performed immediately following the corresponding optimization.
The detailed process of validation is described below.

2.4. Model validation

This model was validated through visual comparisons of the pre-
dicted and previously observed FF or FFA concentrations in tissues,
plasma, or serum. It is important to emphasize that all of these con-
centration data for model validations were not applied during the
parameter optimizations. The linear regression analysis was also carried
out between observations and predictions, and the linear regression
determination coefficient was calculated. In addition, the mean abso-
lute percentage error (MAPE) was also calculated according to our
previous study (Yang et al., 2018), in which more details about MAPE

could be found. The evaluation criteria of MAPE (Lin et al., 2017) are
listed as follows: (i) acceptable prediction: MAPE < 50%; (ii) good
prediction: 10% < MAPE < 20%; and (iii) excellent prediction:
MAPE < 10%.

2.5. Sensitivity analysis

A local sensitivity analysis was performed to determine which
parameters were most influential on the area under concentration-time
curve (AUC) in plasma, muscle, kidney, and liver for both FF and FFA.
During the sensitivity analysis, the central difference method was used
and the final value of normalized sensitivity coefficient (NSC) was
calculated according to our previous study (Yang et al., 2018). The
analysis was performed by using the sensitivity analysis wizard in-
cluded in the software of acslXtreme. A parameter was considered in-
fluential if the absolute value of its NSC was above 0.25 (Leavens et al.,
2012). To simultaneously perform the sensitivity analysis for all para-
meters used in different routes of the model, four routes of adminis-
tration all at 10mg/kg BW were simulated simultaneously.

2.6. Monte Carlo analysis

There were up to 50 parameters in this model and the labeled
withdrawal period of FF is up to 28 or 38 days in cattle (FARAD, 2002).
It would be impossible to subject all parameters to Monte Carlo ana-
lysis, because of the computational complexity. Therefore, only the
influential parameters (see above sensitivity analysis) were subjected to
Monte Carlo analysis. Their central tendency and spread (expressed as
average values and SDs) were derived from the previous reports (Doyle
et al., 1960; Li et al., 2017; Yang et al., 2013b) or obtained by para-
meter optimization (see above model parameterization). According to
our previous study (Yang et al., 2014), normal distribution was as-
sumed for these parameters, and their distribution information is pre-
sented in Table S3. The analysis was performed through the Monte
Carlo wizard included in the software of acslXtreme. And one-thousand
iterations were simulated for this Monte Carlo analysis. For each si-
mulation, the random numbers for these parameters with the mean
value, standard deviation (SD), lower bound (Mean - SD), and upper
bound (Mean + SD) were firstly generated by the software of acslX-
treme, and then were incorporated into this multiroute model to predict
FF and FFA concentrations. Because only IM and SC routes of admin-
istration were approved and commonly applied in clinics, both of them
were subjected to Monte Carlo analysis. For SC administration, a single
dose of FF at 40 mg/kg BW was simulated, while for IM injection, two
doses both at 20 mg/kg BW with an interval of 48-h were performed.

2.7. Withdrawal interval estimation

Because of the differences in the marker residues and/or the cor-
responding MRLs or tolerances adopted by China, US, and UK, the
concentrations of FF, FFA, and FF plus FFA were all predicted using the
present model. A 1000-iteration Monte Carlo run was further in-
corporated into this model (see above Monte Carlo analysis). After each
run, the predicted concentrations of FF, FFA, and FF plus FFA versus
time data were all automatically generated by the software of
acslXtreme. The Monte Carlo analysis provided all predicted con-
centrations in 1000 virtual individuals, allowing the withdrawal in-
terval to ensure that the predicted concentrations would be below the
corresponding MRL or tolerance to be estimated for each individual.
According to the method used in China and EU, the WDI was finally
calculated to ensure that the concentrations of total residues of FF plus
FFA in 95th percentile of the population were below the MRL, while
based on the US method, a 99th percentile was used. Both calculations
of WDIs were done by writing an M-type code file in the acslXtreme,
which can be found in the Supplementary Materials.
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3. Results

3.1. Model parameters

The values of physiological and anatomical parameters used in the
present model were derived from a previous model (Li et al., 2017) and
are listed in Table 1. The Pxs values of FF in liver, kidney, and muscle
were assumed to be equal to those in fish (Yang et al., 2013b), while
those in other tissue and all Pmxs were obtained through parameter
optimization. Their final values were 0.1137, 0.9, and 1.1332 for FF in
fat, lung, and rest of body, respectively; while for FFA, the final values
were 8.7414, 1.3026, 0.2778, and 0.0121 in liver, kidney, muscle, and
rest of body, respectively (Tables 1 and 2). The parameters related to
absorption after extravascular administration were also determined
through optimization, whose final values were 0.1281 h−1, 0.2663
(unitless), 0.0054 h−1, 0.1618 h−1, 0.4529 (unitless), 0.0104 h−1,
0.1816 h−1, and 1.9914 h−1, for Kasc, Fsc1, Kdissc, Kaim, Fim1, Kdisim, Kst,
and Kapo, respectively (Table 2). The other parameters, including
Clreperkg, Km, Kmo, and Clmperkg, were related to the eliminations of FF
and FFA, and their values were 0.5102 L/h/kg, 0.2343 h−1, 0.1014
h−1, and 4.5675E-04 L/h/kg, respectively (Table 2).

3.2. Model validation

The multiroute model was validated by visually comparing the
predicted and previously published FF or FFA concentrations, and the
results are presented in Figs. 1–3 and Figs. S2–S3. As illustrated by these
figures, the previously published FF concentrations in serum or plasma
after IV and SC injections and those in serum and liver after multiple PO
doses were all well predicted, and most of the predicted concentrations
are very close to the reported values at the same time points (Figs. 1, S2,
and S3B). However, the FF concentrations in plasma were estimated to
be approximately 1.5 times higher at later time points after single IM
administration (Fig. 3), and similar result can also be found for the
predicted FF concentrations in serum after one single PO dose (Fig.
S3C). After multiple PO administration, the FF concentrations in lung
and muscle were underestimated by approximately 2.5 times (Fig.
S3A). For FFA, the liver concentrations at the later time points after a
single SC injection were slightly overestimated by 1.5 times (Fig. 2B).
Besides visual comparisons, the linear regression analysis was also

performed between the predictions and observations, and the results
are presented in Table S4. It was shown that the present model was
generally acceptable because most of the determination coefficients
were higher than 0.75 (a general criterion developed by Li et al. (2018))
except for two values which were 0.7332 and 0.5494 (Table S4). The
MAPEs were also calculated to evaluate the present model, whose va-
lues ranged from 1.99% to 46.2%, suggesting acceptable predictions for
all simulations (Table S4).

3.3. Sensitivity analysis

The complete sensitivity analysis results for all parameters can be
found in Tables S5 and S6. An NSC of 1 indicates that there is a one-to-
one relationship between the change in the parameter and the AUC,
while a negative NSC indicates an inverse relationship between them.
The results indicate that most parameters shared the similar extent of
impact on the AUCs of FF or FFA in different tissues. However, the
parameters of Pli, Pki, and Pmu only had positive influences on the AUCs
of FF in the respective tissues (Table S5). The similar positive impacts
on the AUCs of FFA were also observed for the parameters of Pmli, Pmki,
and Pmmu (Table S6). The blood flow through lung (Qclu), which was
numerically equal to 100% of cardiac output, had the highest impacts
on both AUCs of FF and FFA, and this is consistent with the blood flow
limited mechanism of the present model.

3.4. Monte Carlo analysis and withdrawal interval estimation

Only the influential parameters were subjected to Monte Carlo
analysis. The concentrations of FFA or total residues of FF and FFA after
IM and SC routes of administration were predicted based on the Monte
Carlo analysis, and the results are presented in Figs. S4 and S5. Ac-
cording to the corresponding tolerances or MRLs, the WDIs of FF were
calculated for the population including 1000 virtual individuals, and
their distributions are shown in Figs. 4 and 5. After 2 repeated IM in-
jections at 20mg/kg BW with a 48-h interval, the WDIs calculated
based on the marker residue of FFA were 18 and 44 days (99th per-
centile) in muscle and liver, respectively, while based on the total re-
sidue of FF and FFA, they were 23, 41, and 46 days (95th percentile) in
muscle, liver, and kidney, respectively (Table 3 and Fig. 4). After one
single SC injection of FF at 40mg/kg BW, the WDIs calculated based on

Table 2
The results of optimized parameters used under all routes administration based on the published data.

Optimization order Routes Ref. used to optimize parameters Parameters for FF
(unit)

Parameters for FFA
(unit)

Initial Value Final Value Std. Dev.

1 All (Bretzlaff et al., 1987) Ref. #1 Clreperkg (L/h/kg) 0.1 0.5102 0.2839
Pre (unitless) 0.1 1.1332 0.049
Pfa (unitless) 0.1 0.1137 0.0284
Plu (unitless) 0.1 0.9 0.1231
Km (1/h) 0.1 0.2343 0.0498
Kmo (1/h) 0.1 0.1014 0.0267

2 SC (Kawalek et al., 2016) Ref. #7 Kasc (1/h) 0.1 0.1281 0.0102
Fsc1 (unitless) 0.2 0.2663 0.0042
Kdissc (1/h) 0.1 0.0054 0.0023

3 All (Schering-Plough Animal Health Corporation, 2008)
Ref. #8

Clmperkg (L/h/kg) 1E-4 4.5675E-04 1.23E-4
Pmli (unitless) 1 8.7414 1.2013
Pmki (unitless) 1 1.3026 0.3762
Pmmu (unitless) 0.2 0.2778 0.0451
Pmre (unitless) 0.01 0.0121 0.0042

4 IM (Lobell et al., 1994) Ref. #5 Kaim (1/h) 0.1 0.1618 0.032
Fim1 (unitless) 0.1 0.4529 0.027
Kdisim (1/h) 0.01 0.0104 0.0034

5 PO (Croubels et al., 2006) Ref. #13 Kst (1/h) 0.1 0.1816 0.042
Kapo (1/h) 1 1.9914 0.3082

Note: Clreperkg: renal clearance of FF (normalized by bodyweight); Pre, Pfa, and Plu: partition coefficients for FF in the rest compartment of body, fat, and lung,
respectively; Km and Kmo: transformation rate constants of FFA and all other metabolites from FF, respectively; Kasc, Kaim, and Kapo: absorption rate constants of FF
after SC, IM, and PO administration, respectively; Kst: rate constant of gastric emptying; Kdissc and Kdisim: distribution rate constants of FF from IS2 to IS1 after SC and
IM administration, respectively; Fsc1 and Fim1: fractions of the SC and IM doses allocated to IS1, respectively.
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FFA concentrations were 20 and 47 days (99th percentile) in muscle
and liver, respectively, while those calculated according to total con-
centrations of FF and FFA were 29, 46, and 58 days (95th percentile) in
muscle, liver, and kidney, respectively (Table 3 and Fig. 5).

4. Discussion

Four routes of administration were simulated in this study, in-
cluding IM, SC, PO and IV administration. The first two are the ap-
proved and most commonly used ones for FF to treat bovine respiratory
diseases in China, US, and EU; while the latter two routes of adminis-
tration were also modelled because they can be used to further optimize
or validate the current model. As the marker residue of FF, FFA was
incorporated into this model together with FF. The FF and FFA sub-
models were linked through metabolism of FF in liver. To our knowl-
edge, this is the first PBPK model used to simultaneously predict both
FF and FFA concentrations in food-producing animals. Population si-
mulation was further incorporated into this model to estimate the WDI
needed for FFA or total concentrations of FF and FFA to fall below the
corresponding tolerances or MRLs in edible tissues. Based on this
model, the concentrations of FF and FFA in cattle plasma, serum, and

tissues were predicted after multiple routes of administration, and this
model can be further extrapolated to other ruminants, such as goats and
sheep.

Compared with the previous PBPK models for FF, the current one
has some improvements. The administration routes of IV and SC, as
well as the marker residue (FFA) sub-model, were not included in our
previous PBPK model in crucian carp (Yang et al., 2013b). Because of
the lack of FFA sub-model, WDI was not calculated in the previous
model. In addition, the variances of model parameters were not con-
sidered in that model, therefore only the average FF concentrations
were predicted. Compared with the average model with limited small
sample size usually of 25 animals, the population model can provide
richer information for a population rather than for an average in-
dividual. Another PBPK model was developed for FF in pigs (Qian et al.,
2017). In that model, a diffusion-limited compartment was used for
lungs to predict FF concentrations in lung interstitial fluid, while flow-
limited compartments were used for the other tissues, which is con-
sistent with the current model. However, neither the marker residue
FFA nor Monte Carlo simulation was incorporated into the previous pig
model; in addition, IM injection was the only available route of ad-
ministration.

Fig. 1. Comparisons between predicted (curves) and published (points) FF concentrations (μg/ml) in serum (A, Ref#9) and plasma (B, Ref # 10 and 14) after a single
SC dose at 40mg/kg BW in cattle.

Fig. 2. Comparisons between predicted (curves) and published (points) FFA concentrations (μg/g) in liver and muscle (A, Ref#11) and liver (B, Ref#12) and after a
single SC dose at 40mg/kg in cattle.
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In our previous model in fish (Yang et al., 2013b), the enterohepatic
circulation was modelled for FF after oral administration, which was
not included in the present one because comparisons between models
with or without it through validation showed that it was not an im-
portant process in simulating the drug disposition (data not shown). In
addition, the simplified structure of the bovine digestive system with
multiple stomachs might also impact the simulation of enterohepatic
circulation.

In the present model, most of the physiological and anatomical
parameters in cattle were derived from a recent cattle PBPK model for
penicillin G (Li et al., 2017). Compared to other species, such as rats,
dogs, and pigs, there were fewer references about the PBPK model
parameters for cattle. Nevertheless, all of these parameters used here

were found to be valid because the current model had good predictions
in most tissues after different routes of administration. The partition
coefficients for FF were assumed to be equal to those previously re-
ported in crucian carp (Yang et al., 2013b) or obtained through para-
meter optimization with their final values ranging from 0.1137 in fat to
1.3 in liver (Tables 1 and 2), while those for FFA were all obtained by
optimization, whose final values ranged from 0.0121 in rest of the body
to 8.7414 in liver (Tables 1 and 2). A far higher variance was observed
for the partition coefficients for FFA in different tissues compared to
those for FF, which demonstrated that FFA residue concentrations
might vary greatly in different tissues. All parameters related to the
extravascular absorption were obtained by optimization. The values of
Kasc, Kaim, and Kapo were optimized to be 0.1281, 0.1618, and 1.9914
h−1, respectively (Table 2), which indicated that the absorption of FF
was slower after SC and IM injections than PO administration. Similar
slow absorptions after IM and SC injections were also reported for FF in
the traditional pharmacokinetic studies in cattle (Lobell et al., 1994;
Soback et al., 1995). The parameters related to the elimination were
also optimized, whose final values were 0.5102 L/h/kg, 4.5675E-04 L/
h/kg, 0.2343 h−1, and 0.1014 h−1 for Clreperkg, Clmperkg, Km and Kmo,
respectively (Table 2). It was shown that the elimination of FFA was
slower than FF, which was also found in the other species: in sheep
(Palma et al., 2012) and fish (Xie et al., 2013), the elimination half-lives
of FF were reported as 8.9 and 18.39 h, respectively; while for FFA, they
were 17.3 and 25.58 h, respectively. In the present model, the protein
binding was not included because of its low extent of binding in cattle
(13.2%; Lobell et al., 1994). Therefore, the elimination of FF in this
model might be accelerated to some extent. The binding extent for FFA
was not available, but due to its structural similarity with FF, it was not
considered in the present model, either.

From the validation results, the predictive ability of the PO model
was slightly poorer than other routes. This might be due to the as-
sumptions about the bovine digestive system and the absorption process
used in this model. In the present study, a virtual compartment was
used to simulate the ruminant stomachs, and the drug was assumed to
be available immediately after PO administration. However, as in-
dicated by one previous study (Varma et al., 1986), young calves (age

Fig. 3. Comparisons between predicted (curves) and published (points) FF
concentrations (μg/ml) in plasma (Ref # 14) after a single IM dose at 40mg/kg
in cattle.

Fig. 4. Distributions of withdrawal intervals after 2 repeated IM injections both at 20mg/kg BW with an interval of 48 h based on the Monte Carlo analysis: a and b,
in liver and muscle, respectively, according to tolerances of FFA; c, d, and e, in liver, kidney, and muscle, respectively, according to MRLs of total residues of FF and
FFA. Notes: the solid and dash arrows indicated the 95th and 99th percentiles of the distribution based on Monte Carlo simulation, respectively.
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1–8 weeks) fed with a milk replacer had a complex absorption pattern
with delayed absorption following a single oral dose of FF, and an
average lag time was reported as approximately 0.5 h. It is known that
young calves may behave more as non-ruminants as their rumen is
bypassed. Therefore, in theory, FF may have a longer lag time in adult
cattle. We initially tried to incorporate the lag time into the PO model;
however, we found that lag time resulted in poor predictions in most
tissues, especially in liver and kidney. Given that PO administration was
not a common route of administration in clinics and the parameters
related to absorption were not influential in this model (Tables S5 and
S6), therefore, in the end the lag time was not included in the current
model.

There are some limitations to the present study. The first limitation
pertains to model validation. In the present model, the FFA con-
centrations were predicted after all four routes of administration, but

the validation was only performed for those after SC administration
because of the availability of FFA experimental data. Further studies
should be carried out to validate the predicted results for FFA after
other routes of administration, especially after IM injection. For the
same reason (the unavailability of experimental data), neither the
predicted FF nor FFA concentrations in fat were validated here, which
should also be further carried out. Secondly, both injection sites after
IM and SC administration were included in the present model.
However, in order to simplify this model, it was assumed that there
were no blood flow. Therefore, the predictions of FFA were not avail-
able in the injection site, and the WDIs were not estimated here. For the
predictions of FF at the injection site, because of the paucities of the
experimental data, these estimates were not validated. Thirdly, during
the Monte Carlo simulation, normal distribution was assumed for all
influential parameters in the current study. In fact, lognormal dis-
tribution was more suitable for the parameters of Clreperkg, Clmperkg, Km,
and Kmo (Li et al., 2017). However, because these parameters were
obtained through optimization (Table S3), and only the average values
and standard deviations were available for them. Under this circum-
stance, the lognormal distribution was not able to be used in the soft-
ware of acslXtreme. Therefore, we finally used the normal distribution
for these parameters. Finally, the cattle in the 14 previous studies
(Table S1) shared different species, ages or production classes. How-
ever, in order to simplify the simulation and because of the paucity of
PBPK parameters in different cattle species, only the parameters of BW,
tissue weight (expressed as fraction of BW), BW-normalized CO, and
blood flow through different tissues (expressed as fraction of CO) were
used to simulate different cattle. The differences in age, species, and
production classes were not taken into consideration in the present
study.

A local sensitivity analysis was performed in the present study. The
parameters related to absorption after extravascular administration had
less impact on the AUCs of both FF and FFA, which might be because of
the relatively slow absorptions of FF. The partition coefficients for FF or
FFA in liver, kidney, and muscle were only highly influential on the
AUCs of FF or FFA in respective tissues (Tables S5 and S6). The para-
meters of Clreperkg and Clmperkg negatively affected both AUCs of FF and

Fig. 5. Distributions of withdrawal intervals after a single SC injection at 40mg/kg BW based on the Monte Carlo analysis: a and b, in liver and muscle, respectively,
according to tolerances of FFA; c, d, and e, in liver, kidney, and muscle, respectively, according to MRLs of total residues of FF and FFA. Notes: the solid and dash
arrows indicated the 95th and 99th percentiles of the distribution based on Monte Carlo simulation, respectively.

Table 3
Comparison of the calculated withdrawal intervals (WDI, days) based on the
current PBPK model and the labeled withdrawal periods in China, US, and EU.

Tissue Calculated or labeled WDI based on MRL of
FF + FFA

Calculated or labeled WDI
based on the tolerance of FFA

Calculated
values using
PBPK modela

Labeled values Calculated
values using
PBPK modelb

Labeled
values in US

In China In EU

IM SC IM SC IM SC IM SC IM SC

muscle 23 29 28 28 30 44 18 20 28 38
Liver 41 46 44 47
Kidney 46 58 NA NA

Note: NA, Not available because of the unavailability of corresponding toler-
ance in kidney.

a These withdrawal intervals were calculated to ensure that the concentra-
tions of total residues of FF plus FFA in 95th percentile of the population were
below the corresponding MRLs.

b These withdrawal intervals were calculated to ensure that the concentra-
tions of FFA in 99th percentile of the population were below the corresponding
tolerances.
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FFA in all tissues (Tables S5 and S6), while Km had a positive effect on
the AUCs of FFA (Table S6). The parameter of Qclu had the highest
impact in the present model, which was consistent with the flow-lim-
ited assumption for both FF and FFA. Overall, parameters related to
absorption had few effects on the AUCs of both FF and FFA (Tables S5
and S6), and the influential parameters were those related to distribu-
tion and elimination of FF and FFA (Tables S5 and S6).

The WDI was calculated using the present population PBPK model
with Monte Carlo simulations. Based on the tolerance of FFA adopted
by US FDA, the WDIs were calculated as 44- and 47-day for FF after IM
(2 repeated doses both at 20mg/kg BW with an interval of 48 h) and SC
(a single dose at 40mg/kg BW) administration, respectively (Table 3),
which were both longer than the US FDA labeled withdrawal periods
(28 and 38 days, respectively (FARAD, 2002);). Similarly, the calcu-
lated WDI based on the MRLs of FF and FFA was also much longer than
those labeled in China and EU (Table 3). One of the challenges asso-
ciated with current approved methods is the limited number of animals
(usually 25 animals) while the Monte Carlo approach allows for 1000
virtual individuals and furthermore not dependent on the descriptive
method of the tolerance limit method which relies on the terminal slope
to calculate the withdrawal period. The parameter distributions used in
our Monte Carlo simulations had a broad range of values and this could
have contributed to more conservative estimates of a WDI when com-
pared to the labeled withdrawal times in the various jurisdictions re-
ported in Table 3.

In conclusion, the present model is able to adequately predict the
concentrations of FF and FFA after different routes of administration in
cattle. The Monte Carlo simulation was incorporated into this model to
predict the drug disposition in a population of 1000 individuals and to
further estimate the WDIs for FF in cattle after approved label dosing
regimens. This study provides a foundation for applying the population
PBPK model to predict the residue concentrations of both the parent
drug FF and its main metabolite FFA and further estimate the WDI in
cattle, which can be extrapolated to other ruminants.
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