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The absolute bioavailability of flumequine after semisimultaneous
intramuscular administration as a water-based suspension to veal
calves was 92 + 14%. The semisimultaneous experimental design
provided a reliable determination of absorption rate and demon-
strated flip-flop pharmacokinetics. No period or sequence effects
were detected. Calculated elimination rate, clearance, and volume
of distribution after intravenous administration were comparable to
values obtained from traditional design studies. The semisimulta-
neous experimental design proved to be valuable for the assessment
of bioavailability and pharmacokinetics of drugs in food-producing
animals while preventing violation of basic clearance assumptions.
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INTRODUCTION

The traditional method for determining the extent of
drug absorption is to divide the area under the plasma con-
centration—time curve (AUC) after the test administration
by the dose-corrected AUC after the reference (commonly
intravenous) administration. Complete elimination of the
drug after the first administration must be ensured before the
second administration takes place, and drug clearance is as-
sumed not to change during the experiment. Food animals
are generally selected on the basis of superior growth qual-
ifications; a significant increase in body weight can often be
recorded within days. This increase in body weight may re-
sult in variations in the pharmacokinetic characteristics of
drugs, due to changes in drug elimination mechanisms and
extracellular and total body water (1-3), violating the basic
assumption of constant clearance. Different correction pro-
cedures such as clearance corrections (4) and stable isotope
techniques (5) are used, each with its own limitations. Re-
cently, an alternative method for bioavailability assessment
was presented that reduces the influence of intraindividual
variability (6). In this semisimultaneous method, the test and
reference doses are not separated by complete elimination,
but the second dose is administered after complete distribu-
tion of the first dose. The analysis of the resulting data is
based on the linearity and time invariance of the kinetic pro-
cesses. This method was validated by a Monte Carlo study
(7) and a comparative study in humans (8). In addition to the
advantage of reducing the influence of intraindividual vari-
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abilities, this experimental design also reduces the time
needed to perform an experiment and decreases the number
of plasma samplings needed.

The aim of the present study was to evaluate the semi-
simultaneous experimental design by establishing the abso-
lute bioavailability of flumequine after i.m. administration to
veal calves.

MATERIALS AND METHODS

Animals and Accommodations

The experiment included eight clinically healthy male
Frisian—Holstein veal calves (12 weeks old) with immature
rumen function. The mean body weight of the animals was
120.0 = 5.9 kg. The animals were housed in individual calf
boxes and were fed liquid milk replacer (Tentego B.V.,
Mijdrecht, The Netherlands) twice daily. The housing sec-
tion was well ventilated, and the temperature was regulated
by heat-blowers. The section was illuminated by neon lamps
during daytime only.

Drugs and Experimental Design

The experiment was conducted in a crossover design;
four animals were treated in the order i.v.—i.m., and the four
others in the order i.m.—i.v. The calves were individually
weighed before administration, to ensure correct dosing. A
sterile 1% (w/v) solution of flumequine was administered by
intravenous infusion into the vena jugularis at a dose of 10
mg/kg body weight. The duration of the infusion was approx-
imately 60 sec. Intramuscular injections were given into the
neck musculature at a dose of 10 mg/kg body weight using
Fluject (Dopharma B.V., Raamsdonksveer, The Nether-
lands), a water-based flumequine suspension. The total dose
was divided into two equal portions and injected into the left
and right side of the neck. The time interval between the
doses (1) was approximately 12 hr. During a period of 5 days
after the first administration, 33 blood samples were drawn
from the vena jugularis and collected in 10-mL EDTA vac-
uum tubes. Plasma was transferred in glass vials and frozen
at —20°C until analysis.

Analytical Methods

Plasma samples were deproteinized by mixing 500 pL of
plasma with 500 pL of cold 20% trichloroacetic acid in meth-
anol. After mixing (vortex) the samples were placed in an ice
bath for 5 min. The test samples were centrifuged for 15 min
at 3000g (0°C). The supernatant was transferred to glass vials
and 50 nL was injected onto the column.

Samples were analyzed by high-performance liquid
chromatography. All chromatographic solvents were HPLC
grade (LiChrosolv Merck). All other chemicals were analyt-
ical reagent grade. A Hewlett Packard 1090M liquid chro-
matograph equipped with a variable volume injector, an au-
tosampler, a column oven, and a Hewlett Packard 1046A
fluorescence detector was used. The detector was operated
at an excitation wavelength of 248 nm and an emission wave-
length of 381 nm. Analyses were performed on a C8 modified
polymer column (PLRP-S; 150 * 4.6-mm I.D.; particle size,
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5 pwm; Polymer Laboratories, England) at a temperature of
40°C. The mobile phase was prepared by mixing 540 mL of
acetonitrile with 460 mL of a 0.02 M solution of oxalic acid
in water. The mobile phase was filtered and degassed using
a vacuum manifold equipped with a 0.45-pm filter. The flow
rate was set to 1.00 mL/min.

Calibration curves were prepared by spiking 475 L of
plasma with 25 pL of a flumequine stock solution. Stock
solutions were prepared by dissolving known amounts of
flumequine in 0.1 M NaOH and subsequently diluted with
0.1 M NaOH to the desired concentrations. The calibration
curves were fitted using least-squares linear regression. Cal-
ibration points outside the 95% prediction band were treated
as outlier. From the total calibration curve (wide range), the
limit of quantification (LOQ) was calculated according to the
method described by Wernimont (9). By decreasing the
range of the calibration curve, a calibration curve was con-
structed with a lower LOQ (limited range). Samples with a
concentration below the LOQ of the calibration curve with
wide range were calculated on the curve with limited range.
Samples with a calculated concentration below the LOQ of
the curve with limited range were excluded from pharmaco-
kinetic data analysis. The limits of quantification for the cal-
ibration curves with a wide range and a limited range were
1.057 and 0.031 mg/L, respectively. The repeatability over a
concentration range of 0.218-34.500 mg/L was better then
2.9%. Recovery experiments revealed no random, propor-
tional, or constant errors (o = 0.05).

Pharmacokinetics and Statistical Analysis

Plasma concentration—time curves were fitted using the
SIPHAR package (SIPHAR pharmacokinetic package Ver-
sion 4.0, SIMED 1990, Creteil, France) by summarizing the
mathematical models used for describing plasma concentra-
tions after intramuscular and intravenous administration
{Eq. ()] (6):

Ct = Civ + Cim (1)
in which
n
Civ = 2 Cl!e_)\it"
i=1
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and

n '
DiV Ci ' Cl gt
Cim = — * Fry - k — e—kat R e—x,t
" Dy 2i=1 O = k) ) ]

¢ is the time after the i.v. dose, C,, is the plasma concen-
tration of the drug at time ¢”, ¢’ is the time after the i.m. dose,
Ci, is the plasma concentration of the drug at time ¢/, C; are
the 0 time plasma drug concentration intercepts, \; are the
first-order disposition rate constants, k, is the first-order ab-
sorption rate constant, and D is the administered dose. Fg, is
the fitted bioavailability after i.m. administration. Data were
fitted according to Eq. (1) with n = 2 and with a weighing
factor proportional to the inverse of the predicted concen-
tration (1/y_a1c)-

The major model-independent pharmacokinetic param-
eters clearance (CL) and volume of distribution (V,erea)
were calculated using the following equations (\, always re-
fers to the terminal elimination rate constant):

CL = Dose/AUC )
Dose Cl
Vi(area) = AUC X & N 3

To evaluate the fitted F value, the areas under the
plasma concentration~time curves were also calculated by
the trapezoidal rule using Lotus 1-2-3. AUCs were extrapo-
lated using the fitted model and the individually calculated
parameters listed in Table 1. F,,,, was calculated according
to Eq. (4):

AUCiy

Dose;y
Fup = AUC,, * Doseim

Dose;, @

Calculated AUCs were normalized to a dose of 10 mg/kg
and statistically analyzed by ANOVA on log-transforms, dis-
tinguishing effects due to subjects, periods, treatments,
treatment+period interaction, and residue, by using the pro-
gram BIOEQV40 (10). Student’s group mean 7 test was used
to compare additionally the AUCs per type and per sequence
of administration. Student’s paired ¢ test was used to com-
pare the individual values of Fg, and Fi,,,. P < 0.05 was
considered significant.

Table I. Fitted Pharmacokinetic Constants for the Disposition of Flumequine After Semisimultaneous
Administration to Calves at a Dose of 10 mg/kg Body Weight

Animal Ci (6 A\ Tyjprerm k,

No. (mg/L) (mg/L) (hr~ 1) (hr™Y) (hr) Fg (hr™ Y Order
1715 20 8.3 2.5 0.27 2.6 0.95 0.084 iLv. — im.
5495 21 6.1 1.1 0.23 3.0 0.95 0.060 i.v. — i.m.
2873 19 7.8 1.1 0.31 2.2 1.00 0.096 iv.— im.
0924 21 3.1 0.9 0.17 4.1 1.12 0.078 LV, = im.
2363 22 2.1 1.1 0.09 7.7 0.65 0.168 i.m. — 1.v.
8780 135 14.2 8.8 0.40 1.8 0.85 0.054 im. — i.v.
2400 20 3.0 1.2 0.14 5.0 0.96 0.066 im. — i.v.
4572 26 1.6 1.4 0.14 4.8 0.89 0.066 im, — iv.

Mean 36 5.8 2.3 0.22 3.9 0.92 0.084

SD 40 43 2.7 0.10 2.0 0.14 0.037
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RESULTS

During the experiment, no problems were encountered
except for the i.v. administration of animal 8780; a part of the
dose was administered perivenously. These problems are re-

flected in exceptional values for the fitted parameters. Prob- .

ably, perivenous administration resulted in a fast absorption
from perivenous tissue instead of a momentary distribution.
Pending the times of plasma samplings, this could explain the
higher plasma concentrations during the first 30 min after
administration.

Figures 1 and 2 represent the plasma concentration—
time profiles after i.v.~i.m. and i.m.—i.v. administration, re-
spectively. The fitted parameters are shown in Table I and
the resulting pharmacokinetic parameters are given in Table
II. The relatively low bioavailability for animal 2363 is at-
tributed to normal biological variation; although the rate of
absorption for this animal was high, no correlation was de-
tected between Fg, and k,.

The analyses of variance on log-transformed AUC did
not show significant period effects or treatment*period in-
teractions. The intersubject variability was significant. The
residual coefficient of variation was only 9.5%, indicative of
low intrasubject variability. Effects due to treatments were
statistically significant (P = 0.024). The mean value of Fp,
was 92% (Table I). The point estimate of F,.,, was 88% from
the untransformed AUCs (Table II). Student’s two-sided
paired ¢ test on the individual values of Fy, and F,,,, showed
a very significant difference between the two evaluation pro-
cedures (P < 0.001, df = 7). The mean calculated values of
Fg and F,.,, were, however, not significantly different (P =
0.526).

Using the trapezoidal rule, the mean calculated dose-
corrected (10 mg/kg) AUC of 45 + 3 for the animals that
received the first administration intravenously was not sig-
nificantly different from the calculated mean AUC of sec-
ondary i.v. administration (45 = 11; P = 0.983). The same
conclusion was drawn for mean AUC values after primary
(35 = 8) and secondary (43 + 5) intramuscular administration
(P = 0.151).

DISCUSSION

Extrapolation of plasma curves is of the utmost impor-
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Fig. 1. Plasma concentration—time curves after semisimultaneous
administration of flumequine in the order i.v.—i.m. (n = 4; dose, 10
mg/kg body weight).

100.00

> X %0
@©
~
©
o

t0.00

{mg/L)

conc.

80

time (h)

Fig. 2. Plasma concentration—time curves after semisimultaneous
administration of flumequine in the order i.m.—i.v. (n = 4; dose, 10
mg/kg body weight).

tance to obtain model-independent estimates of AUCs. The
sizes of the extrapolated AUC fractions after i.v. adminis-
tration as listed in Table II are rather small (mean, 2.8%), and
their contribution to the total AUC can be considered of little
importance. For the i.m. administration, no significant dif-
ference in AUC was detected, despite the difference in the
size of the extrapolated AUC fractions after primary and
secondary intramuscular administration. This justifies the
extrapolation performed to calculate AUCs by the trapezoi-
dal rule.

The small but consistent difference in the individual val-
ues of Fy;, and F, . is probably caused by the weighing fac-
tor; the use of a weighing factor of 1/y2,, resulted in some-
what lower F, values; but statistical evaluation of the fits
revealed that the observed concentrations were best de-
scribed by the fitted model using the weighing factor 1/y_,,..
Compared to the intersubject variability in the calculated F
values, the absolute difference of 4% between Fy;, and F,,,,
is of minor importance.

In many pharmacokinetic studies concerning food-
producing animals, significant period effects are detected.
This observation often violates the basic assumption of con-
stant clearance during a bioavailability study. One of the
advantages of semisimultaneous administration is the reduc-
tion of intraindividual variability. As can be seen from Eq.
(1), the semisimultaneous method implicates identical elim-
ination rates of a drug after both i.v. and i.m. administration,
based on linearity and time invariance of kinetic processes.
This is accomplished by minimizing the time interval be-
tween administrations. In this way, the described variations
in pharmacokinetic characteristics due to age-dependent
changes in drug elimination mechanisms and extracellular
and total body water can be eliminated. In consequence, this
experimental design should eliminate period effects induced
by weight increase in the experimental animals, which is
confirmed by ANQVA test on In-transformed AUC data; no
significant period effect was detected (P > 0.05). Given the
absence of significant period effects and treatment+period
interaction in the analyses of variance, a crossover design
may not be necessary.

The calculated pharmacokinetic parameters CL and
Vi(areay after i.v. administration and the mean elimination
half-life time of 3.90 = 1.95 hr are comparable to values
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Table II. Calculated Pharmacokinetic Parameters for the Disposition of Flumequine After Semisimultaneous Administration to Calves at a
Dose of 10 mg/kg Body Weight®

Animal AUC,, AUC,, a,, Cl., Va,

No. [(mg - hr)/L] [(mg - hr)/L] [L/(hr - kg)] [L/(hr - kg)] (L/kg) Fsap Order
1715 41 (3.0%) 36 (3.6%) 0.24 0.27 0.90 0.88 iv. - im.
5495 48 (3.7%) 44 2.7%) 0.21 0.23 0.92 0.92 i.v. - im.
2873 45 (1.4%) 43 2.1%) 0.22 0.23 0.72 0.96 iv. - im.
0924 45 (5.7%) 49 (0.7%) 0.22 0.20 1.31 1.09 iv. - im.
2363 47 (1.2%) 29 (39.6%) 0.21 0.34 2.38 0.62 im. - iv.
8780 58 (3.0%) 46 (57.6%) 0.17 0.22 0.43 0.78 im. - iv.
2400 42 (2.5%) 38 (61.4%) 0.24 0.26 1.74 0.91 im. - iv.
4572 32 (2.1%) 27 (56.0%) 0.32 0.37 2.18 0.86 im. - iv.

Mean 45 39 0.23 0.27 1.32 0.88

SD 7 8 0.04 0.06 0.71 0.14

% The size of the extrapolated AUC fractions is given in parentheses.

reported by Ziv et al. (11). Mevius et al., however, described
the elimination of flumequine after i.v. administration to
calves by a two-compartment elimination model with a #,,,5
of up t0 9.5 hr (12). This more prolonged terminal elimination
rate could be due to the graphical estimation of the param-
eters as performed by Mevius ef al. It is unlikely that the
slowly declining terminal part of our curves (Figs. 1 and 2),
with an apparent half-life of approximately 9 hr, originates
from elimination only. The individual half-lives of distribu-
tion, elimination, and absorption can be obtained by calcu-
lating (In2)/A,, (In2)/A,, and (In2)/k,, respectively, excluding
those of animal 8780 in Table 1. This provides geometric
mean values of #i,giery = 0.6 hI, £ypepiny = 3.9 hr, and 7,1,
= 8.3 hr. The arithmetic mean ordinate intercepts for C, and
C, obtained are 21.2 and 4.6 mg/L, respectively. When using
these mean values as the basis for simulations, we found that
concentration—time curves like those in Figs. 1 and 2 are
obtained only if half-lives of 0.6, 3.9, and 8.3 hr are assigned
to distribution, elimination, and absorption, respectively.
Any other combination, for example, interchange of absorp-
tion and elimination values, resulted in clearly deviating
curves. We also found that in semilogarithmic plots of the
simulated concentrations for the i.v.—i.m. group, the termi-
nal part of the curve is not linear but slightly convex. There-
fore, the slowly declining terminal part of the curves is due
predominantly to slow absorption of the drug from the i.m.
depot, which is rate limiting since the processes of distribu-
tion and elimination are much faster. It also follows that the
descending part of the curves cannot be described by a single
parameter (flip-flop kinetics). The results of the simulations
provide additional support for the correctness of the simul-
taneously fitted parameters given in Table 1.

Flip-flop kinetics explain the discrepancy in the elimi-
nation rates after i.v. and i.m. administration in the study by
Ziv et al. (11). In the present study, flumequine was admin-
istered as a suspension, and being a weak acid, it probably
dissolves only slowly at the pH in the muscle (13). Due to the
relatively slow absorption, a depot of flumequine is formed
at the injection site. Because plasma concentrations are lim-
ited by the rate of absorption, this could result in a nonlinear
relationship between the dose and C,,,, and a shift in 7.
This aspect of the i.m. injection of a flumequine suspension
is confirmed by the observations of Ziv ef al. (11). However,

they did not report the AUC values, which probably remain
linearly related to the dose.

Modeling of plasma concentration—time curves
achieved after semisimultaneous administration of flume-
quine produced accurate estimates of the relative rate and
extent of absorption. Values of Fg, are comparable to values
calculated by trapezoidal rule. Also, the model-independent
parameters established after semisimultaneous administra-
tion are comparable to those obtained from traditional stud-
ies. Because of the absorption characteristics of flumequine,
better precision might be achieved by increasing T or by a
two-period design in which all animals are treated in the
order i.v.—i.m. (equal handling of the two doses) (7).
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