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Abstract

The aim of the research was an examination of potential impact of milk yield on the intercom-
partmental clearance — distribution clearance as well as determination of the variability of ob-
tained pharmacokinetic parameters by the population approach using a two-compartmental
structural model. Blood perfusion has a considerable impact on physiology of the udder and ki-
netics of drugs that are distributed in this organ. The research was performed on healthy Hol-
stein-Friesian and Polish Black-White cows at the age of 4-10 years. Determination of antibiotics
(ampicillin, amoxicillin, cefoperazone, penicillin G prokaine, cloxacillin, cefacetril) concentration
was carried out after their every intramammary administration to one quarter of the udder. A
population pharmacokinetic model was created to fit milk concentration data. General milk yield
of a single cow was used as a variable. A population analysis was conducted using non-linear
mixed-effect modeling. The impact of milk productivity was set solely by reference to intercom-
partmental clearance only in case of penicillin G, cloxacillin and ampicillin. It, has been found
that milk yield, depending on a drug, influenced the distribution clearance of the drug to varying
degrees. It means indirectly that increased perfusion of the udder has a different impact on drug
distribution from the udder to the bloodstream.
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Introduction

Intramammary administration (IMM) of veterinary
drugs has been widely applied especially in dairy cows
on breeding farms. Currently, observational analysis
founded on frequent sampling and calculations, is
based exclusively on a structural model (e.g. compart-

mental model) without simultaneous variables analysis
that can modify pharmacokinetic parameters of IMM
drugs, and dominates (Allore and Erb 1999, Stockler et
al. 2009). One of the pharmacometric methods combin-
ing the impact of dependent and independent variables
is population pharmacokinetics. One of its applications
is the usage of structural model as well as typical values
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to test the impact of variables on selected pharmaco-
kinetic parameters. One of significant variables related
to milk production is blood flow through the udder. To
produce one liter of milk, about 450 L of blood must
pass through the cow udder (Franscini et al. 2006,
Berger et al. 2016). Currently, the influence of milk
yield on such parameters as distribution clearance or
microconstants illustrating the transfer of drug from
milk to udder tissue and from udder tissue to milk after
IMM application is thought to be ambiguous. Taking
into account the presence of IMM drugs residues in the
udder tissue as well as in milk, this is a key information.
Thus far, the population approach is rarely used in tests
on pharmacokinetics of IMM drugs (Whittem 1999).
In this paper, the population analysis on six antibiotics
in IMM formulations has been performed.

The aim of the research was an examination of the
potential impact of milk yield on the intercompartmen-
tal clearance — distribution clearance as well as a deter-
mination of the variability of obtained pharmacokinetic
parameters by the population approach using a two-
-compartmental structural model. A possible impact of
milk productivity on a reduction of unexplained vari-
ability of analyzed pharmacokinetics parameters be-
tween drugs was subjected to analysis.

Materials and Methods

Animals

The research was conducted on the basis of the au-
thorization of Bioethical Committee, No. 34/2009 of 19
May 2009, Local Ethics Committee for Animal Experi-
ments in Lublin, Poland. The study was performed on
healthy Holstein-Friesian and Polish Black-White cows
at the age of 4-10 years. The animals were fed farming
feed concentrates comprising commercial (wheat, rye)
and fodder (oats, barley) grain, alternately with raw
corn and pasture grazing. Access to food and water was
provided ad libitum. The animals with parameter of
SCC < 300 000/mL were assigned to the study (EMA
2017). We utilized cows without chronic mastitis in the
past. Evaluation of the animals was based on veterinary
examination (udder palpation). Determination of anti-
biotics concentration was carried out after every IMM
administration to one quarter of the udder at following
doses: ampicillin (AMP; Lactaclox, ScanVet) 75 mg,
amoxicillin (AMX; Synulox L.C, Pfizer) 200 mg, cefo-
perazone (CEF; Pathozone, Pfizer.) 250 mg, penicillin
G prokaine (PEN; Albadry Plus, Pfizer) 200 000 IU,
cloxacillin (CLO; Syntarpen, Biowet Pulawy) 500 mg,
cefacetril (CTR; Masticef, Biowet Drwalew) 250 mg.
The research was performed on cows assigned to
4 grups: CEF (10 cows), AMP/CEF (9 cows),

AMX (8 cows), CLO (7 cows). Different groups of ani-
mals were used for each drug. All the cows were in the
mid-lactation period. One quarter was selected from
each cow for sampling. Milk samples for drugs quantifi-
cation were harvested by hand collection. All the sam-
ples were taken before milking. First 4-5 mL of stripped
milk was excluded from the analysis. For final analysis,
5 mL of milk was taken from fore-quarters. The analy-
ses were carried out between March and September.
The cows came from different farms in Lublin Province
area. Milk samples in case of AMP, AMX treatment
were collected for chemical analyses just before the
drug administration (t=0) and: 2, 4, 6, 8, 10, 24, 36, 48,
60 h after administration; in case of PEN treatment just
before the drug administration (t=0) and: 2, 4, 6, 8, 10,
24, 36, 48, 72 h; in case of CEF treatment just before
the drug administration (t=0) and: 2, 4, 6, 8, 10, 24, 36,
48,72 h, 84 h; in case of CTR treatment just before the
drug administration (t=0) and: 2, 3, 6, 8, 10, 24, 28, 36,
48, 72, 96 h. The analysis of antibiotics concentration
was performed using previously described method
(Btadek et al. 2011). Antibiotics were extracted from
milk samples, suspended in acetonitrile and their con-
centration was analysed by Agilent 1200 Series LC sys-
tem (Agilent Technologies, Santa Clara, USA) con-
nected to API 4000 mass spectrometer (AB SCIEX,
Ontario, Canada). Sample analysis was performed by
Luna C18 RP column 3 um, 2.0 X 150 mm (Phenome-
nex, Torrance, CA, USA) with the mobile phase con-
sisting of acetonitrile and 0.025% heptafluorobutyric
acid and gradient elution. Quantification was obtained
using multiple-reaction monitoring transition. The uti-
lised method was validated in accordance with current
requirements (EC 2002). Matrix-matched calibration
curves were utilized for drugs quantification. The spec-
ificity of the method was verified by analysis of 20 blank
milk samples.

Model development and analysis

A population pharmacokinetic model was created
to fit milk concentration data, based on full pharmaco-
kinetic screen sampling (FDA 1999). As a variable,
general milk yield (L/24h) of the single cow in mid-lac-
tation period was utilized. Model creation was based on
the values acquired from total milk yield. A population
analysis was conducted using non-linear mixed-effect
modeling implemented in Phoenix WinNonlin v. 7.0
(Certara L.P,, Cary, NC, USA). Initial values of struc-
tural model selection (multiplicative - C,, , and log-ad-
ditive — C,, ) for compartmental models were guided
by goodness of fit plots observed versus predicted milk
concentrations.
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Copar = Cx[14(C,)]

[

Cobs,A = C X exp(cg)

where C , —observed concentration, C — predicted con-
centration, and C, - residual error.

The covariance structure selection, and final model
were fitted by first order conditional estimation method
(FOCE-Hess). Imprecision in parameters estimate was
assessed using output obtained from Phoenix WinNon-
lin and simple run mode with 1000 iterations. The per-
centile bootstrap confidence interval was performed by
taking the lower 2.5% and the upper 97.5% of value of
each parameter estimated from runs (Mould and Up-
ton, 2013). Naive pooled analysis, sandwich method
and standard error analysis were performed with cen-
tral difference. A stiff numerical ordinary differential
equation (ODE) solver was used for analysis. A two-
-compartment model with clearance parameterization
was used as a structural model.

Final model selection was based on: goodness of fit
analysis, precision of model parameters estimates and
likelihood analysis. The 2 log-likelihood (-2LL), Akaike
information criterion (AIC) and Bayesian information
criterion (BIC) were used to test different models.
The final model was chosen on the basis of lesser values
of AIC, better precision of estimate, and lowest per-
centage coefficient of variation (CV%) of typical values
(tv). Drop in AIC or BIC of 2 was a threshold for con-
sidering one model over another (Mould and Upton
2013). A reduction in the objective function -2LL by
more than 3.84 units (for one added covariate) repre-
sented a statistically significant improvement in model
fit (p<0.05). The variable (general milk yield of
a cow) was added to a model if the value of minimum
objective function -2LL was reduced by more than 3.84.
The variable significantly contributed to the model if
the value of minimum objective function increased
by more than 7.88 (p<0.005) (Laffont et al. 2016).
Presented population analysis reports CV% as the
measure between animals variability. Parameters calcu-
lated in the study were: tvV1 — typical value of volume
of distribution in milk compartment, tvV2 — typical
value of volume of distribution in udder tissue compart-
ment, tvCL1 — typical value of milk compartment clea-
rance, tvCL2 —typical value of udder tissue compart-
ment clearance, dCL2 — udder tissue compartment
clearance calculated with milk productivity variable,
tvKe — typical value of elimination rate from milk com-
partment, tvK12 — typical value of rate constant from
milk to udder tissue compartment, tvK21 — typical
value of rate constant from udder tissue to milk com-
partment, stdev0 — estimated residuals.

Results

The impact of milk productivity was solely con-
firmed with reference to one pharmacokinetic parame-
ter — tvCL2 (forward covariate model) in case of three
antibiotics: PEN, CLO and AMP. The significance of
this observation at the level of p<0.05 confirmed
the reduction of the objective function -2LL by more
than 3.84 units in case of PEN (3.86 units) and CLO
(6.67 units). It was stated that along with increasing dif-
ference between -2LL in an output model and model
analyzing the influence of milk productivity, the value
of ratio tvKe/tvK12 increased. CV% dCL2 also
increased with reference to tvCL2. However, in case of
PEN, CLO and AMP, it decreased by 10.95, 6.67, and
11.55%, respectively. In case of AMX, CTR and CEF,
no considerable impact of milk yield on any of analyzed
pharmacokinetic parameters was observed (Table 1, 2).

CV% in the basic population model was at low lev-
el, and in case of such parameters as tvK21, tvV1,
tvCL1, it did not exceed 20%. The highest value of
CV%, in case of all tested drugs, was noted with refer-
ence to tvCL2, tvV2 and tvK12. During the analysis, it
was proved that the ratio tvKe/tvK12 is different for all
tested antibiotics. This ratio with reference to PEN,
CLO and AMP (significant impact of milk yield on
tvCL2) was at least two times higher than in case of
AMX, CTR, CEF where no significant impact of milk
yield on was observed. The validation parameters of an-
alytical method are presented in Table 3.

Discussion

It is known that in case of many antibiotics adminis-
tered IMM, milk yield influences their elimination with
milk (Perez-Marin 2012). However, the impact of milk
yield on the elimination from the udder tissue and
distribution clearance have not been examined so far.
A key element of performed calculations was the appli-
cation of two-compartmental model describing phar-
macokinetics of analyzed drugs. On one hand, frequent
sampling after single drug administration has an
influence on pharmacokinetics of drugs administered
IMM. On the other hand, it ensures the analysis of the
distribution clearance by determining a microconstant
model. It is not possible to determine the distribution
clearance without the analysis of microconstants.
In order to examine the distribution clearance of drugs
administered IMM, frequent sampling of milk is essen-
tial during the first 24 hours or 48 hours after drug ad-
ministration. It enables the increase of dynamic range
and sensitivity of the model so that the microconstants
can be determined.
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Table 1. Arithmetic mean of milk yield, typical value (tv) and subject variability of key population parameters calculated using basic
model.

Parameters PEN CLO AMP AMX CTR CEF
wVLIL] (17.31) 62 (1633) (16.58) (3439) w46)
wWV2[L] 0.157 0.189 0.015 0.276 4.476 0.063

(32.35) (17.00) (33.73) (14.64) (40.99) (13.21)
wCLI gL Go19y G sy oy (1w Gm)
tCL2 [mg/L/h] (3556) @373 G760) (1671) G073) (1644)
tvKe [h] 0.6250 0.2990 0.5485 0.6478 0.3293 0.2519

(2.71) (2.11) (1.88) (1.33) (25.91) (6.65)
K12 [h] 0.0029 0.0013 0.0008 0.0068 0. 0404 0.0033
(21.81) (21.77) (22.45) (10.81) (44.85) (18.29)
K21 [h] 0.0710 0.0648 0.0887 0.1135 0.0548 0.0606
(4.93) (10.56) (11.37) (6.60) (12.90) (3.42)
stdev0 0.536 0.343 0.683 0.462 0.817 0.527
-2LL 100.10 48.74 168.04 93.06 2131.06 1873.07
AIC 110.10 58.74 178.04 103.06 2141.06 1883.07
BIC 120.81 69.98 190.01 114.44 2154.56 1895.57
Residual error Log-additive Multiplicative
tvKe/tvK12 [h] 216.20 221.95 647.47 94.58 8.16 76.26
Milk yield [L/24h]* 35.14 (£6.08)  37.57(x6.07) 38.11(x3.87) 38.75(%3.34) 36.60 (x5.31) 36.67 (£5.23)

PEN - penicillin G prokaine; CLO - cloxacilliny AMP — ampicillin; AMX — amoxicillin; CTR - cefacetril; CEF - cefoperazone;
* — arithmetic mean with standard deviation value; tvV1 — typical value of volume of distribution in milk compartment;
tvV2 — typical value of volume of distribution in udder tissue compartment; tvCL1 — typical value of milk compartment clearance;
tvCL2 — typical value of udder tissue compartment clearance; tvKe — typical value of elimination rate from milk compartment;
tvK12 — typical value of rate constant from milk to udder tissue compartment; tvK21 — typical value of rate constant from udder
tissue to milk compartment; -2LL — 2 log-likelihood; AIC — Akaike infLLormation criterion; BIC — Bayesian information criterion;

stdev0 — estimated residuals.

As a result of performed analyses, a substantial im-
pact of milk yield on the distribution clearance of se-
lected IMM antibiotics in the analyzed set was ob-
served. One of the limits of the research was a small
sample size (n="7-10) (Duffull et al. 2011, Colby 2012).
However, it should be noted that the calculations were
performed on the basis of full pharmacokinetic screen
(FDA 1999), which increases the quality of the pro-
posed model. The results of research led to the conclu-
sion that in case of only some IMM drugs, general milk
yield can considerably diversify the level of drug residu-
als in the udder tissue. This means that for such drugs
determination of the level of residuals in milk and tis-
sues should consider the level of milk yield as the crite-
rion for test inclusion. Hence, the question remains
whether during determination of permissible limits of
drugs’ residuals in tissues and milk for this type of
drugs, these limits should be dependent upon milk
yield. Since the differences in milk production consid-
erably influence distribution clearance, the level of de-
pot in udder tissues should be very different for cows of

productivity of 30 and 50 L of milk per 24 h. It should
be borne in mind that in such case, blood flow through
the udder should oscillate within the limits of 562-937
L/h. Thus, the differences in blood flow through udder
tissues are reflected in the differences in milk yield, and
this, in case of selected drugs, has a considerable im-
pact on distribution clearance.

Simultaneously to the population analysis, pharma-
cokinetic parameters which would correlate with the
influence of mild yield on distribution clearance, were
searched. The compilation of parameters that differen-
tiate between PEN, CLO, AMP (CL2 dependent on
milk yield) and AMX, CTR, CEF (no impact) turned
out to be speed constants. The ratio tvKe/tvK12 ap-
pears to be crucial in the light of performed tests. It was
demonstrated that along with increasing distance be-
tween both values i.e. at tvKe reaching 1 and tvK12
reaching 0, the value of this ratio substantially increases
in case of drugs which tvCL2 is dependent upon milk
yield. The difference in value of ratio tvKe/tvK12 be-
tween both groups of antibiotics (PEN, CLO, AMP ver-
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Table 2. Values of the distribution clearance and subject variability in the final model.
Parameters PEN CLO AMP AMX CTR CEF
dCL2 [mg/L/h] 0.019 (27.59)  0.061 (18.04) 1.62 (21.08) na
-2LL 96.24 42.07 144.20 1100.21 2131.05 1873.07
-2LL 3.86* 6.67* 23.85%* na
AIC 108.24 54.07 156.20 1118.21 2141.05 1883.07
BIC 121.09 67.56 170.56 1139.76 2154.55 1895.57
Residual error Log-additive Multiplicative

PEN - penicillin G prokaine; CLO - cloxacillin; AMP — ampicillin; AMX — amoxicillin; CTR - cefacetril; CEF — cefoperazone;
dCL2 - udder tissue distribution clearance calculated with milk yield covariate; -2LL — 2 log-likelihood (objective function);

-2LL — level of reduction of the objective function; AIC — Akaike information criterion; BIC — Bayesian information criterion;
* p-value <0.05; ** p-value <0.005; na — data not available.

Table 3. The validation parameters of analytical method.

Validation parameters PEN CLO AMP AMX CTR CEF
Linearity (r) 0.9984 0.9995 0.9956 0.9984 0.9994 0.9984
LLOQ (ng/mL) 4.00 1.00
HLOQ (ng/mL) 300.00 40.00 500.00
Repeatability LQ (CV %) 14.20 15.20 12.30 14.90 16.70 15.70
Repeatability MQ (CV%) 5.70 5.10 9.80 12.20 12.20 12.20
Repeatability HQ (CV%) 9.10 210 760 990 9.60 9.60
Reproducibility LQ (CV%) 15.70 15.90 10.40 13.60 7.20 15.10
Reproducibility MQ (CV%) 9.40 7.30 9.30 12.60 13.40 13.40
Reproducibility HQ (CV%) 11.00 9.50 8.00 10.00 9.50 9.00
Recovery (%) 99.60 99.90 95.40 95.20 89.50 91.50

LLOQ - lower limit of quantitation; HLOQ - higher limit of quantitation; LQ — low quality control level; MQ — medium quality

control level; HQ — high quality control level; CV% — coefficient of variation (%).

sus AMX, CTR, CEF) is in this case significant. With-
out population analysis, the determination of impact of
such covariates as milk yield on tvCL2 would be very
difficult. Methods of population pharmacokinetics are
perfect tools for analyzing such types of variables. Due
to the limited number of raw data, only six drugs were
subjected to analysis. Nevertheless, the results indicate
that the value of ratio tvKe/tvK12 determined within
the frame of two-compartment structural model (omit-
ting population analysis) can constitute an index for
tvCL2 dependent or independent on milk yield. As re-
sults from performed analyses, in case of PEN, the sig-
nificance at the minimum level was reached in case of
tvKe/tvK12 = 216.2. It should be noted that the drop of
-2LL by 3.84 points, means reaching the significance at
the level of p<0.05. In case of PEN the drop in value
-2LL was 3.86. This means that in relation to the ratio
tvKe/tvK1, it was close to the limit (216.2) from which

occurs a considerable impact of milk yield on CL2. In
practice, it can mean that if tvKe/tvK12, calculated on
the basis of two-compartment model, is equal to or
greater than the value 216.2, CL2 can significantly be
dependent on milk yield. In the paper devoted to phar-
macokinetics of pirlimycin, data referring to a two-com-
partmental structural model were presented (Whittem
2012). On their basis, it can be stated that the ratio
tvKe/tvK12 for pirlimycin after IMM administration is
about 115. This shall constitute the basis for posing a
hypothesis that tvCL2 of pirlimycin is not dependent
upon milk yield. However, this hypothesis requires ver-
ification by a separate analysis. In the paper devoted to
pharmacokinetics of cephapirin, administered IMM, a
two-compartmental model was also applied, yet the val-
ue of K12 was not published, which makes it impossible
to calculate the ratio tvKe/tvK12 (Stockler et al. 2009).
In relation to a lot of drugs, administered IMM, some
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elements concerning drug distribution from the udder
tissue to peripheral blood were discovered. IMM ad-
ministered PEN could be redistributed into the blood
circulation by the active transport (Schadewin-
kel-Scherkl et al. 1993). In case of CLO, the findings
confirm, to some extent, previous results on good distri-
bution of CLO in all regions of the mammary gland
(Kietzmann et al. 2010). Systemic drug absorption of
CEF after IMM administration was negligible in
healthy animals (Cagnardi et al. 2010, Burmanczuk et
al. 2011). Nevertheless, the majority of analyses of
pharmacokinetic IMM drugs, do not consider the phe-
nomena of drug transfer between compartments such
as the udder tissue, milk or peripheral blood.

The present study has revealed that milk yield, de-
pending on a drug, influences the distribution clear-
ance of drugs to varying degrees. This means indirectly
that increased perfusion of the udder has a different
impact on the drug distribution from the organ to
bloodstream. It is confirmed by observations made in
this research, in which after IMM administration, the
concentration of the drug was also analyzed in blood
plasma. Depending on a drug, these concentrations can
be relatively high or very low (Soback et al. 1995, Cag-
nardi et al. 2010, Li et al. 2014, Ray et al. 2014, Lopez et
al. 2015).

Conclusions

In conclusion, a considerable impact of milk yield
on the distribution clearance of some drugs adminis-
tered IMM was confirmed in this study. Moreover, the
model enabling the differentiation of IMM drugs
among themselves depending on the influence of milk
yield on their distribution clearance was developed.
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