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Development of a physiologic-based
pharmacokinetic model for estimating
sulfamethazine concentrations in swine
and application to prediction of violative
residues in edible tissues
Jennifer L. Buur, DVM; Ronald E. Baynes, DVM, PhD; Arthur L. Craigmill, PhD; Jim E. Riviere, DVM, PhD

Objective—To develop a flow-limited, physiologicbased pharmacokinetic model for use in estimating
concentrations of sulfamethazine after IV administration to swine.
Sample Population—4 published studies provided
physiologic values for organ weights, blood flows,
clearance, and tissue-to-blood partition coefficients,
and 3 published studies provided data on plasma and
other tissue compartments for model validation.
Procedure—For the parent compound, the model
included compartments for blood, adipose, muscle,
liver, and kidney tissue with an extra compartment
representing the remaining carcass. Compartments
for the N-acetyl metabolite included the liver and the
remaining body. The model was created and optimized by use of computer software. Sensitivity
analysis was completed to evaluate the importance
of each constant on the whole model. The model was
validated and used to estimate a withhold interval
after an IV injection at a dose of 50 mg/kg. The withhold interval was compared to the interval estimated
by the Food Animal Residue Avoidance Databank
(FARAD).
Results—Specific tissue correlations for plasma, adipose, muscle, kidney, and liver tissue compartments
were 0.93, 0.86, 0.99, 0.94, and 0.98, respectively.
The model typically overpredicted concentrations at
early time points but had excellent accuracy at later
time points. The withhold interval estimated by use of
the model was 120 hours, compared with 100 hours
estimated by FARAD.
Conclusions and Clinical Relevance—Use of this
model enabled accurate prediction of sulfamethazine
pharmacokinetics in swine and has applications for
food safety and prediction of drug residues in edible
tissues. (Am J Vet Res 2005;66:1686–1693)

S

ulfamethazine is an antimicrobial commonly used
as a feed additive in swine production. It is currently labeled for use in the prevention and treatment of
cervical abscesses, colibacillosis, swine dysentery, and
bacterial pneumonia as well as for increased feed effi-

ciency in swine with other diseases, such as atrophic
rhinitis.1 The FDA of the United States and other international regulatory agencies have set a residue tolerance limit for sulfamethazine at 0.1 µg/g in all edible
swine tissues.2 However in 2000, sulfamethazine represented the drug found most often as a cause of violative residues in swine.3
Under the provisions of AMDUCA, veterinarians
in the United States are allowed to use drugs in an
extralabel manner only when there is a valid veterinarian-client-patient relationship, the drug is used for
therapeutic use, no other product is approved for use
in that species, the drug is an FDA-approved human or
animal drug, no violative residues in food will result,
and the drug is not specifically prohibited. In addition,
drugs used in this manner cannot be feed additives
unless they are used in a minor species. To ensure that
no violative residues are found in food, an appropriate
extended withdrawal period must be specified by the
attending veterinarian. The Food Animal Residue
Avoidance Databank (FARAD) helps veterinarians
provide these extended withdrawal times by applying
principles of pharmacokinetics to scenarios for alternate routes and doses. Currently, this is accomplished
through intensive literature searches, use of classical
pharmacokinetic models, and use of techniques for
modeling population pharmacokinetics.4 Often there is
insufficient information regarding absorption, distribution, metabolism, and excretion of a drug to allow for
a scientifically accurate estimate of drug residues in tissues at specific time points after administration. When
there is a lack of data on depletion of drug concentrations in tissues, the recommended withdrawal times
provided by FARAD are based instead on depletion
curves of plasma concentrations, which are the only
data available to scale systemic drug exposure between
label and extralabel dosing. In these cases, data would
be unavailable to directly correlate drug depletion to
tolerance concentrations allowed in tissues.5,6
Physiologic-based pharmacokinetic (PBPK)
models are used to describe and predict the kinetics
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of xenobiotics on the basis of physiologic mechanisms by linking physiologic tissue blocks together
via a communal plasma compartment. These models
have been used in human medicine to predict therapeutic doses for chemotherapeutics or for drug development, and in toxicologic studies, they have been
used for development of reference concentrations and
doses.7-10 They have also been used in conjunction
with a pharmacodynamic study11 to investigate mechanisms of action in novel or toxic compounds for
which classical testing is insufficient. In veterinary
medicine, PBPK models have been described for sulfathiazole administration to swine12 and oxytetracycline administration to sheep and fish.13,14
The objectives of the study reported here were to
develop and validate a PBPK model and to estimate
sulfamethazine concentrations after IV administration
in swine. We also applied the model to the prediction
of extended withholding intervals for use in accordance with AMDUCA.

partment. The fraction of unbound drug was calculated and
then applied to the total mass of drug within the plasma compartment. Binding of drug within tissues was not incorporated into the model.
A homogenization term was created that combined tissue concentration with tissue blood concentration. This represented the process used in quantitative analysis of tissue
samples whereby the total drug within the sample is directly
related to the proportion of tissue blood and tissue within the
sample. The amount of drug within the vascular space was

Materials and Methods
Development of a PBPK model—A flow-limited PBPK
model was developed for predictive purposes. For predicting
sulfamethazine concentrations, it consisted of tissue compartments for edible tissues (blood, muscle, adipose, liver,
and kidney) and a single compartment representing the
remainder of the carcass. Additional compartments for the
N-acetyl metabolite were created and included compartments for the liver and blood specifically and a generalized
compartment representing the remainder of the body. No
concentration-versus-time data were available for the carcass
compartment or for tissue concentrations of the N-acetyl
metabolite. Thus, a model with 9 compartments was developed (Figure 1).
Physiologic constants of organ volume, tissue blood volume, and blood flow for market-weight pigs were obtained
from published reports (Appendix 1).11,15-17 The density of
plasma was assumed to be 1 g/mL. Physicochemical
constants of tissue-to-blood partition coefficients were calculated from published values.18-21 Hepatic blood flow was modeled as the combination of hepatic arterial and portal circulations. Other biological constants were also included in the
model.
Values for renal and hepatic clearance were based on
kinetic data published elsewhere.19,22,23 The main pathway of
metabolism in pigs is direct acetylation of sulfamethazine to
the N4-acetyl metabolite. Michalis-Menton kinetics were not
incorporated into this model because it has been reported24
that clinically relevant doses do not saturate the hepatic
acetyl-transferase enzyme; thus, zero-order kinetics are not
needed. Therefore, hepatic clearance was modeled by use of
a linear excretion constant. Enterohepatic recycling of the
parent compound was considered insubstantial and not
included in the model. Because the deacetylation of the
N-acetyl metabolite can increase plasma concentrations of
the parent compound,25 we incorporated this aspect into the
model. Compartments for the N-acetyl metabolite were
linked to the model for the parent compound through the
liver because these reactions mainly take place in hepatocytes. Renal clearance is mainly through filtration. Because
there is no evidence of active secretion, renal clearance was
modeled by use of a first-order excretion constant. Starting
values for hepatic and renal clearance were the mean of the
published values.
Protein binding was incorporated into the model by the
inclusion of a mass-balance equation within the blood comAJVR, Vol 66, No. 10, October 2005

Figure 1—Schematic representation of a physiologic-based
pharmacokinetic model for use in determining concentrations
after IV injection of sulfamethazine in swine. Notice the tissue
volume (Vadipose, Vmuscle, Vkidney, Vplasma, Vcarcass, Vliver, and Vbody,
respectively) and tissue concentration (Cadipose, Cmuscle, Ckidney,
Cplasma, Carterial, Ccarcass, Cliver, Cplasma met, Cliver met, and Cbody met,
respectively) within each tissue compartment and tissue blood
flow (Qadipose, Qmuscle, Qkidney, Qcarcass, Qliver, and Qbody, respectively) for each compartment. Qtot = Cardiac output. Met =
Metabolite.
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Table 1—Starting and final values and upper and lower limits for constants of a model used to determine concentrations after IV administration of sulfamethazine to pigs.
Constant
Hepatic clearance (mL/[min • kg])
Renal clearance (mL/[min • kg])
Protein binding (%)
Tissue-to-blood partition coefficient
Adipose
Kidney
Liver
Muscle
Blood flow (% cardiac output)
Liver
Kidney
Muscle
Adipose
Acetyl metabolite protein binding (%)
Acetyl metabolite liver
tissue-to-blood partition coefficient
Acetyl metabolite body
tissue-to-blood partition coefficient
Rate of deacetylation (/h)
Acetyl metabolite clearance
(mL/[min · kg])

Lower limit

Starting value

Upper limit

Final value

0.05
0.01
0.5

0.078
0.59
0.64

3
4
1

0.62
0.03
0.57

0.01
0.01
0.01
0.01

0.1
0.38
0.4
0.17

5
5
5
5

0.336
1.68
0.378
0.08

0.01
0.01
0.01
0.01
0.5
0.01

0.24
0.1
0.25
0.08
65
0.23

0.5
0.5
0.5
0.5
1
5

0.38
0.1188
0.25
0.08
0.57
0.079

0.01

1

5

1.297

0.01
0.01

0.357
0.5

5
5

3.66
2.558

then calculated. The concentration of the total homogenized
sample concentration was expressed by use of the following
equation:
Ctissue-hs = (Vbctissue X Ctb) + ([1 – Vbctissue] X Ctissue),
where Ctissue-hs is the concentration of sulfamethazine in the
homogenized sample, Vbctissue is the volume of the vascular
space for a given tissue (reported as a percentage of organ
weight), Ctb is the concentration of sulfamethazine in the tissue blood, and Ctissue is the concentration of sulfamethazine in
the tissue.
Model simulations were solved by use of a commercially available computer programa that was equipped with a
graphic modulator for model development and an optimizer
for sensitivity, determination of constants, and prediction
analysis. Differential equations were used to describe the rate
of change in mass in each compartment (Appendix 2).
Sensitivity analysis and optimization of constants—
Data used for optimization of the N-acetyl metabolite distribution were obtained from 2 studies.18,22 Data used for sensitivity and optimization of sulfamethazine were obtained from a
single study.22 Optimization of constants was limited to mean
(n = 12) plasma concentration data. Sensitivity analysis was
performed for several constants, including hepatic clearance,
renal clearance, protein binding, tissue-to-blood partition
coefficients (muscle, adipose, liver, and kidneys), and blood
flow (muscle, adipose, liver, and kidneys). Final determination and optimization of constants were accomplished for
blood flows to compartments (liver, kidneys, muscle, and adipose), hepatic clearance, renal clearance, protein binding, and
partition coefficients (muscle, liver, kidneys, and adipose) for
sulfamethazine. Determination and optimization of constants
were accomplished for N-acetyl protein binding, N-acetyl
deacetylation rate, renal clearance, and partition coefficients
(liver and body). Model constants were adjusted to best fit the
curve by use of a maximum-likelihood estimation algorithm.
Limits were set to ensure biologically plausible values.
Model validation—The model was validated by comparison with an external data set created from published studies
and estimates included in the FARAD database. Studies were
excluded from comparison on the basis of assay methods and
physiologic status of the pigs. Excluded studies incorporated
1688

Table 2—Results for model validation accomplished by comparison of predicted concentrations to observed concentrations by
use of an external data set.
Tissue
Plasma
Kidney
Liver
Muscle
Adipose

Slope (m)

Intercept (b)

R2

0.7358
0.2469
0.4082
1.4278
0.3338

5.498
4.8166
2.1849
1.0028
1.3145

0.9286
0.9422
0.9792
0.9945
0.8554

Slope (m) and intercept (b) for the regression line y = mx + b.
R 2 = Correlation coefficient.

colorimetric analysis of drug concentrations, general anesthesia, and experimentally infected pigs. The resulting data set
encompassed 3 studies18,19,23 performed separately by 3 research
groups. Pigs ranged in weight from 18 to 32 kg. Dosages
ranged from 20 to 50 mg/kg. Sulfamethazine concentrations
were reported for plasma, muscle, kidney, liver, and adipose
tissues. Datum points represented the means of values reported in studies and were obtained by use of a data extraction program.b Mean values in our study were calculated from 6, 7, and
3 samples/data point for each of the 3 studies, respectively.18,19,23
Predicted values for tissue concentrations were reported
as a combination of tissue and tissue blood samples that
would mimic the homogenization process used in analysis of
tissue samples. Simulated predicted values were compared
with values for observed data points, and regression lines
were plotted. Linear regression correlation values were calculated. Residual plots were also created and evaluated for
spread and distribution. All simulations were adjusted on the
basis of dosage.
Application of model to determine interval to prevent
violative residues in tissues—The optimized model was then
used to determine a reasonable tissue-withhold interval after IV
administration of sulfamethazine at a dosage of 50 mg/kg. This
was compared with the value currently provided by FARAD to
practitioners. Currently, FARAD estimates a withhold interval
by use of 10 times the plasma half-life of sulfamethazine, an
approach that is appropriate for many drug classes.

Results
Because sulfamethazine is a small polar molecule
with small tissue-to-blood partition coefficients, a difAJVR, Vol 66, No. 10, October 2005
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Figure 2—Results for the final fitted model simulation (solid
line), compared with results for an external data set (circles),
for plasma (A), liver (B), kidney (C), adipose (D), and muscle (E)
tissue compartments. Notice that the scale of the y-axis differs
among the tissue compartments.

fusion-limited model was also created (data not
shown) to determine whether blood flow or permeability would be rate limiting. The diffusion-limited
model did not significantly increase the predictive
power of the model; therefore, the simpler flow-limited model was accepted.
Sensitivity analysis revealed that hepatic clearance,
renal clearance, and protein binding of sulfamethazine
were the most important constants included in the
model. Because of the lack of available tissue data, it is
quite possible that the partition coefficients did not
reveal their true sensitivity and importance within this
model. Results of the optimization for blood flows,
renal clearance, hepatic clearance, protein binding, and
tissue-to-blood partition coefficients for sulfamethazine
and its N-acetyl metabolite were determined (Table 1).
When compared with means of external data sets,
the model had correlations for plasma, kidney, liver,
AJVR, Vol 66, No. 10, October 2005

muscle, and adipose tissues of 0.93, 0.94, 0.99, 0.99, and
0.86, respectively. Results for validation of the model
were determined (Table 2). Residual analysis revealed a
pattern of overprediction of values at early time points
in all tissues with the exception of muscle, in which the
model underpredicted values at all time points.
However, good accuracy was found at the terminal time
points. Results of the resulting simulations were plotted
(Figure 2). Results of the residual analysis and validation procedure were also plotted (Figures 3 and 4).
Depletion curves of edible tissues after IV administration of sulfamethazine at a dosage of 50 mg/kg, in
relation to the tolerance value of 0.1 µg/g, were plotted
(Figure 5). These depletion curves represented the
50th percentile of the population, not the upper limit
of the 95% confidence interval of the 99th percentile of
the population needed to satisfy regulatory agencies
such as the FDA–Center for Veterinary Medicine. The
1689
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Figure 3—Standardized residual plots for fit of the results of the
model for plasma (A), liver (B), kidney (C), adipose (D), and muscle (E) tissue compartments. Notice that the scale of the y-axis
differs among the tissue compartments.

model was used to predict that all tissue concentrations would be below the tolerance value of 0.1 µg/g by
120 hours after injection and that plasma concentrations would be below the tolerance value by 109 hours
after injection. The longest duration for sulfamethazine concentrations above the tolerance value was
seen for kidney tissues. Because this would constitute
an extralabel use of sulfamethazine, there currently is
no withdrawal time listed on an FDA-approved product. The current FARAD recommendation is 100 hours
and is determined on the basis of a value that is 10
times the plasma half-life.
Discussion
We developed and validated a model for plasma
and tissue pharmacokinetics of sulfamethazine after IV
administration to swine. To increase the accuracy and
robustness of the model, several techniques were used.
1690

Addition of the N-acetyl metabolite and its
deacetylation back to the parent compound was incorporated in the model, which was found to increase the
accuracy of concentrations at later time points. The
importance of this metabolic pathway differs among
sulfonamides. In 1 study,25 investigators documented
that this is an important metabolic pathway for sulfamonomethoxine and sulfamethazine but that the
deacetylation pathway has less importance for sulfadiazine. Another model for sulfathiazol did not include
the deacetylation metabolic pathway.12 However, it is
unknown whether the pharmacokinetics of sulfathiazol are influenced by the deacetylation pathway.
A homogenization term was used to calculate the
concentration of sulfamethazine in specific tissues that
accounted for the techniques used experimentally to
determine those specific tissue concentrations.
Techniques used to calculate tissue concentrations
AJVR, Vol 66, No. 10, October 2005
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Figure 4—Graphs of predicted and observed data for validation of
the model for plasma (A), liver (B), kidney (C), adipose (D), and
muscle (E) tissue compartments. The solid line represents the line
of best fit. Observed data was obtained from published studies.18,19,23 Notice that the scale of the x-axis differs among the tissue
compartments.

require the homogenization of tissue blood along with
cellular tissue. Because of the relatively larger mass of
drug found in blood relative to the cellular tissues
themselves, artificially increased tissue concentrations
may result for drugs with small partition coefficients.26
Inclusion of the homogenization term increased correlation values and the resulting fit of data (data not
shown), especially at terminal end points at which
more drug is contained in the plasma compartment
than in the cellular tissue matrix.
Protein binding was an important aspect of drug
distribution in this model. Generally, when a drug is
not considered to be highly protein bound (binding
> 90%), this aspect is neglected to simplify the model.27
In another study,28 investigators also stated that changing the free fraction of a drug does not result in a
change of the free concentration of drug when the drug
is at a steady state. However, the model described here
does not consider the drug at a steady state. It was seen
AJVR, Vol 66, No. 10, October 2005

Figure 5—Predicted depletion curves for tissue concentrations
of drug in adipose (dot-dash-dot line), kidney (solid line), liver
(dashed line), muscle (dot-dot-dash line), and plasma (dotted
line) tissue compartments after IV administration of sulfamethazine at a dosage of 50 mg/kg in swine. The horizontal line
represents the tolerance limit of 0.1 µg/g.
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in the results for our model that moderate protein
binding of 57% can have an influence on the kinetics
of sulfamethazine, which may prolong tissue concentrations and increase the likelihood for violative
residues in tissues (data not shown). This phenomenon deserves additional study, and these findings
deserve further study and confirmation.
The sensitivity analysis and optimization of constants were based on plasma concentrations rather
than tissue concentrations. This was attributable to a
lack of available tissue data. Because we did not optimize constants for each specific tissue compartment,
sensitivity of the model to partitioning coefficients was
not observed. Instead, the analysis focused on constants (ie, protein binding and clearance) that would
greatly change plasma concentration. It could be
expected that with more tissue data, the partitioning
coefficients could be further refined without much
change to the overall plasma concentrations. This, in
turn, could help with accuracy within the tissue
compartments.
All tissue correlations were excellent. Only adipose tissue had a correlation coefficient < 0.9. The
accuracy of this model could be improved by use of
individual data points rather than use of means for
comparisons. This was not done because the individual
data points were not reported in any of the studies used
for optimization or validation. Unfortunately, SD values were also not reported in those studies. Thus, individual variability was essentially ignored in the
observed-to-predicted comparisons. Also, pigs used in
the studies were not of market weight, and the model
was designed for use in market-weight swine. This
would change relative body mass and blood flow distributions. However, sensitivity and optimization of
blood flows did not reveal any substantial inaccuracies
in these measurements. Age changes could also alter
the relative clearance of sulfamethazine. The acetylation-deacetylation metabolic pathway could be
changed by induction of enzymes or increases in
intrinsic enzymatic activity. Changes in renal clearance
could develop over time because of changes in
glomerular filtration rate. With the high sensitivity of
the model to changes in clearance, age-related changes
in clearance could impact the accuracy of the model.
Further refinement of partitioning coefficients
could also improve accuracy. However, that would
require a more robust data set for tissue concentrations
that is not available in the published studies. We chose
not to include the only set of tissue data in the optimization process so that the validation would reflect a
purely external data set. Even with these limitations,
the model reported here could be used to accurately
predict plasma and tissue concentrations after administration of several doses.
The withhold time predicted by use of the model is
greater than what would currently be recommended by
FARAD because the model takes into account specific
tolerance concentrations and tissue concentrations
rather than extrapolating to 99.98% excretion by use of
10 times the plasma half-life. Because the kidneys
actually retain sulfamethazine longer than does plasma,
predicting a withhold time on the basis of plasma con1692

centrations would underpredict the true distribution of
sulfamethazine within a pig. Studies such as this are
required to determine those drugs for which simple rules
of thumb or other half-life multipliers are applicable.6
In the study reported here, we developed a PBPK
model for sulfamethazine after IV injection in pigs. We
used this model to accurately predict an appropriate
extended withdrawal interval to prevent violative
residues in edible tissues. In contrast to compartmental pharmacokinetic models for sulfamethazine, the
model reported here can be used to provide predictions
for a range of doses and yields mechanistic information
relating to drug distribution to tissues and pharmacokinetics. Use of this model emphasized the relationship
between drug distribution in tissues and protein binding as well as the acetylation-deacetylation metabolic
pathway. This model also provided information about
pharmacokinetics for specific tissues that are often not
included in compartmental or population pharmacokinetic models. This model can be further refined to
include long-term oral administration and more specific protein-binding kinetics. As more population information becomes known, statistical inferences can be
made by use of Monte Carlo analysis or bootstrapping
techniques that would parallel the power inherent in
population pharmacokinetic models yet still provide
physiochemical mechanistic information. The model
can then be used to study additional physiologic mechanisms and drug distributions that may explain the
reason that we still have instances of violative residues
in edible tissues.
a.
b.

ACSLxtreme, version 1.4, Aegis Technologies Group Inc,
Huntsville, Ala.
UN-SCAN-IT, version 6.0, Silk Scientific Inc, Orem, Utah.
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Appendix 1
Organ weights and blood flow distributions for market-weight swine determined from published
studies.
Organ

Blood flow14,15
Organ weight16
Vascular space11
(percentage of cardiac output)* (percentage of body weight) (percentage of organ weight)

Adipose
Kidneys
Liver
Muscle
Carcass‡
Blood

0.08
0.10
0.24†
0.25
0.33
1.00

0.340
0.004
0.020
0.400
0.176
0.060

0.040
0.105
0.115
0.026
ND
ND

*Mean cardiac output determined in 3 studies14-16 was 12 L/kg/h, and PCV was 33%.15 †Value incorporates
hepatic arterial and portal circulations. ‡Values calculated as 1 minus the sum of values for the other organs.
ND = Not determined.

Appendix 2
Differential equations used to describe the rate of change of sulfamethazine in each tissue
compartment.
Tissue
compartment
Muscle
Adipose
Carcass
Kidney
Liver
Plasma

Equation
dCmuscle/dt = ([Carterial – {Cmuscle/Pmuscle}] X Qmuscle)/Vmuscle
dCadipose/dt = ([Carterial – {Cadipose/Padipose}] X Qadipose)/Vadipose
dCcarcass/dt = ([Carterial – {Ccarcass/Pcarcass}] X Qcarcass)/Vcarcass
dCkidney/dt = ([Carterial – {Ckidney X Pkidney}] X [Qkidney – {Carterial X Clrenal}])/Vkidney
dCliver/dt = (([Carterial – {Cliver/Pliver}] X Qliver) – (Cliver X Clacetylation) + (Cliver metabolite X
Cldeacetylation))/Vliver
dCplasma/dt = (([Cmuscle/Pmuscle] X Qmuscle) + ([Cadipose/Padipose] X Qadipose) + ([Ckidney/Pkidney] X
Qkidney) + ([Cliver/Pliver] X Qliver) + ([Ccarcass/Pcarcass] X Qcarcass) + IV dose – (Cplasma X
Qtot))/Vplasma

dCmuscle, dCadipose, dCcarcass, dCkidney, dCliver, and dCplasma = Change in concentration of sulfamethazine in
each tissue compartment, respectively. dt = Change in time. Carterial, Cmuscle, Cadipose, Ccarcass, Ckidney, Cliver, and
Cplasma = Concentration of sulfamethazine in each tissue compartment, respectively. Pmuscle, Padipose, Pcarcass,
Pkidney, and Pliver = Tissue-to-blood partition coefficient for each tissue compartment, respectively. Qmuscle,
Qadipose, Qcarcass, Qkidney, and Qliver = Blood flow to each tissue compartment, respectively. Vmuscle, Vadipose,
Vcarcass, Vkidney, Vliver, and Vplasma = Tissue volume for each tissue compartment, respectively. Clrenal, Clacetylation,
and Cldeacetylation = Clearance for each method (renal, acetylation, and deacetylation, respectively). Cliver metabolite = Concentration of N-acetyl metabolite. IV dose = Total amount of drug injected. Qtot = Cardiac output.
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