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Allometric analysis of the total body clearance (Clg), steady-state volume of distribution (V) and
elimination half-life (t,,3) was performed for cephalexin, cefepime, cefquinone and ceftriaxone based
on literature data in mammalian species. Values of Clg and Vg show allometric dependence on body
weight, while values of t,,3 could not be predicted correctly after scaling toward body weight. The
equations based on the calculations which could be used for estimation of the respective pharmacoki-
netic parameters are as follows: Cephalexin: Clg=0.20W"%; Vss=0.32W"%, Cefepime: =1.03W"!6;
Clg=0.35W"®; V=0.133W"%; Cefiriaxone: t,,5=0.83W""%; Clg=0.76W""*; V =0.82W*"; Cefqui-
nome: Clg=0.22W**”; vV (=0.298W**7.
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INTRODUCTION

Allometric analysis is a method for pre-
dicting the values of some pharmacoki-
netic parameters of drugs and to estimate
dosage regimens in animal species that
have not been studied so far. It has also
been used in drug development (Mah-
mood & Balian, 1999) and for comparison
of pharmacokinetic characteristics of dif-
ferent substances among species (Dinev,
2008). The allometric scaling is usually
conducted using data for animal species,
belonging to taxonomic groups with simi-
lar physiological characteristics as birds
or mammals (herbivores or carnivores)

(Pashov et al., 1997; Dinev, 2008; Hari-
tova & Lashev, 2009; 2012). This is based
on interspecies differences in the physio-
logy and it is aimed at predicting the spe-
cific pharmacokinetic properties of the
drugs with high accuracy. Comparative
interspecies pharmacokinetic scaling has
been performed for a large variety of anti-
bacterial agents (Riviere et al., 1997; Cox,
2007; Lashev & Haritova, 2007; Haritova
& Lashev, 2009; 2012; Hunter, 2010) but
not for cephalosporin antibiotics. The
latter are widely used for treatment of
different infections in veterinary and hu-
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man medicine. Their pharmacokinetics is
extensively studied in a number of animal
species after different routes of admini-
stration. These drugs have a similar distri-
bution and differ mainly in elimination
phase and especially in elimination rates
depending on the species and age (Smiet
et al., 2012). Considerable variations are
registered after oral absorption. Cephalo-
sporins have a volume of distribution be-
tween 0.2 and 0.5 L/kg. Binding to plasma
proteins varies among the substances and
species, but often has low values. Cepha-
losporins are metabolised at a very low
extent with the exception of ceftiofur
(Mordenti, 1985). The major differences
between animal species are related to ac-
tive transport and renal excretion. These
drugs are excreted with urine mainly by
tubular secretion (Forgue et al., 1987).
The objective of this study was to as-
sess the relationships between elimination
half-life, volume of distribution at steady-
state, and total body clearance to body
weight of four cephalosporins, used in

veterinary medicine, in mammalian spe-
cies by means of allometric scaling.

MATERIALS AND METHODS

The allometric analysis of pharmacoki-
netic parameters of cephalexin, cefqui-
nome, ceftriaxone and cefepime was per-
formed with data from published studies
concerning healthy adult animals (Tables
1-4). Only data for intravenously admi-
nistered drugs, determined by microbi-
ological or HPLC assays, were used. The
matrices of interest were serum or plasma.
For analysis of each drug, data for elimi-
nation half-life (t;,), volume of distribu-
tion at steady-state (V) and total body
clearance (Clg) were used. Data for body
weights were collected from the same
studies. All values were calculated on the
basis of mean published values of phar-
macokinetic parameters versus body
weights of the included animals. The sim-
ple allometric approach was based on the
following power function:

Table 1. Pharmacokinetic parameters of cephalexin after intravenous administration to seven mam-

malian species

Species W (kg) ty2 (h) Clg (L/kg/h) Vs (Lkg) Reference

Rat 0.235 1.45 0.199 0.42 Zhang et al., 2010

Cat 4.95 1.68 0.14 0.33 Albarellos et al., 2011

Dog 25.2 1.96 0.17 0.37 Chicoine et al., 2009

12 1.62 0.22 0.15 Carli et al., 1999

11.7 2.26 0.66 0.19 Prados et al., 2008

Mean 16.3 1.95 0.35 0.24

Goat 38.7 0.36 0.35 0.16 Ambros et al., 2010

Buffalo 102.5 2.16 0.14 0.41 Garg et al., 1990

Cow 500 0.58 0.63 0.39 Soback et al., 1988
81.5 3.17 0.178 Garg et al., 1996

Mean 290.7 1.88 0.404 0.39

Horse 523 2.02 0.20 0.2 Davis et al., 2005
425 1.54 0.24 0.29 Villa et al., 2002

Mean 474 1.78 0.22 0.24

W — body weight; t;,, — elimination half life; Clg — total body clearance; V — steady state volume of

distribution.
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Table 2. Pharmacokinetic parameters of cefepime after intravenous administration to eleven
mammalian species

Species W (kg) ty, (h) Clg (L’kg/h) Vi (L/kg) References
Mice 0.032 0.38 1 Mathe et al., 2006
0.685 1.74 0.35 Buetal, 2010
Mean 0.032 0.53 1.37 0.35
Rat 0.33 0.39 0.65 0.33 Forgue et al., 1987
0.65 0.66 0.38 Forgue et al., 1987

Mean 0.33 0.52 0.65 0.36
Rabbit 3.1 1.5 0.12 0.31 Rule et al., 2008

2.3 2.94 0.30 1.17 Abd el Aty et al., 2007
Mean 2.7 2.22 0.21 0.74
Dog 9.2 1.09 0.13 0.1 Gardner & Papich, 2001
Monkey 5.2 1.8 0.11 0.25 Forgue et al., 1987
Goat 38.5 1.86 0.07 Prawez et al., 2010

29.5 2.71 0.13 0.35 Patani et al., 2008
Mean 34 2.29 0.1 0.35
Cow 68.5 3.7 0.11 0.43 Patel et al., 2006

156.8 2.38 0.07 0.21 Ismail, 2005a

99.6 1.26 0.1 0.25 Pawar & Sharma, 2008
Mean 108.3 2.45 0.093 0.3
Sheep 27.5 2.54 0.15 0.42 Patel et al., 2009

49 1.76 0.14 0.32 Ismail, 2005b

Mean 3825 216 0.145 0.37
Buffalo 91 2.67 0.086 0.42 Joshi & Sharma, 2007
Camel 475 2 0.04 0.1 Goudah et al., 2009
Horse 492 2.1 0.071 - Guglick et al., 1998

W — body weight; t;, — elimination half life; Clg — total body clearance; V — steady state volume
of distribution.

Table 3. Pharmacokinetic parameters of cefquinome after intravenous administration to six
mammalian species

Species W (kg) ty, (h) Clg (L/kg/h) V, (L/kg) References

Rabbit 3.0 0.93 0.18 0.21 Hwang et al., 2011
Dog 21.8 0.85 0.196 0.20 Limbert et al., 1991
21.5 0.98 0.22 0.24 Limbert et al., 1991
21.2 0.96 0.191 0.22 Limbert et al., 1991
Mean 21.5 0.93 0.20 0.22
Pig 25 1.64 0.15 0.31 Liuetal., 2012
22.5 1.85 0.26 0.46 Lietal., 2008
Mean 23.8 1.74 0.30 0.38
Sheep 30 0.78 0.34 0.36 Uney et al., 2011
Goat 18 5.76 0.06 0.37 Dumka et al., 2013
Buffalo 123 3.56 0.06 0.26 Dinakaran et al., 2013
Cattle 118.5 1.33 0.13 0.23 Limbert et al., 1991
Horse 300 2.33 0.13 0.22 Smiet et al., 2012

W — body weight; t;, — elimination half life; Clg — total body clearance; V — steady state volume
of distribution.
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Table 4. Pharmacokinetic parameters of ceftriaxone after intravenous administration to eleven mam-

malian species

Species W (kg) t1p (h) Clp (I/kg/h) Vs (L/kg) References

Mice 0.019 0.49 9.79 7.16 Wang et al., 2005

Rat 0.2 0.67 0.30 0.22 Lee et al., 2006
0.225 0.57 - - Matsui et al., 1984

Mean 0.21 0.62 0.3 0.22

Cat 5.51 1.73 0.37 0.57 Albarelos et al., 2007

Dog 19.6 0.88 0.22 0.28 Rebuelto et al., 2002
12.4 0.84 0.24 0.24 Matsui et al., 1984
16 0.86 0.23 0.26

Pig 33.5 1.1 0.198 - Cavalier et al., 1997

Goat 27.5 1.44 0.24 0.37 Ismail, 2005¢
25.8 1.5 0.27 0.28 Tiwari et al., 2009

Mean 26.7 1.5 0.15 0.32

Cow 550 1.02 0.30 - Kumar et al., 2010
80 1.58 0.19 0.20 Maradiya et al., 2010

Mean 315 1.3 0.25 0.2

Sheep 25.8 1.21 0.24 0.27 Swati et al., 2010
42.6 1.47 0.16 0.39 Guerrini ef al., 1985

Mean 34.2 1.34 0.2 0.33

Buffalo 85 1.27 0.26 0.36 Gohil et al., 2009

Camel 420 2.57 0.11 0.32 Goudah A., 2008

Horse 400 1.62 0.31 0.33 Ringger et al., 1996

W — body weight; t,, — elimination half life; Clg — total body clearance; V — steady state volume of

distribution.

Y=a.W" (Equation 1)

where Y is the value of the respective
pharmacokinetic parameter (t;p; Vs, or
Clp), a is the coefficient equal to antilog
of ¢ from Equation 2, W is the body
weight and » — the exponent of the allo-
metric equation. The logarithmic transfor-
mation of Equation 1 gives:

log Y=logc + b.logW (Equation 2)

where Y is ty5, Vs or Clg, loge is the y-
intercept and b: the slope.

The least squares linear regression
method was used for estimation of corre-
lation between pharmacokinetic parame-
ters of interest and body weight. Statistical
analysis was done by Statistica 6.1 soft-
ware (Statistica for Windows, StatSoft.
Inc., Tulsa, OK, USA).
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RESULTS

The results from the regression analysis
are listed in Table 5. The values of the
exponent b for t;,3 were lower than the
theoretical value of 0.25 for all four
cephalosporins. The value for cephalexin
was even negative. The correlation be-
tween t;p values and body weight were
statistically significant only for cefepime
and ceftriaxone. The highest value of y-
intercept (a) for tj,3 was calculated for
cephalexin (1.45) and the lowest for cef-
quinome (0.65). The values of b for Vg
and Clg ranged between 0.79 and 0.99,
respectively 0.68 and 1.05 for all studied
drugs. Statistically significant relationship
was found between body weight and V
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as well as between body weight and Clg
for all substances analysed (Table 5). The
highest y-intercept (a) for Vi was found
for ceftriaxone. The y-intercept values for
cephalexin, cefepime and cefquinome
were much lower. The lowest value of Clg
y-intercept was calculated for cefquinome
and the highest: for ceftriaxone. The equa-
tions based on the calculations which
could be used for estimation of the respec-
tive pharmacokinetic parameters are as
follows:

Cephalexin: Clg=0.20W"*; V =0.32W"*;

Cefepime: t;, g=1.03W*'%; Clp=0.35W*;
V=0.13W*;

Ceftriaxone: t;, B:0_83W0A13;
CIB:O.76WO‘73; Vss:0.82W0‘79;

L. D. Lashev

Cefquinome: ClB:0,22W04875;
V=0.298W"™,

DISCUSSION

Simple allometric scaling is an attractive
alternative to provide reliable predictions
of tinp, Vs and Clg. Despite the risk of
deviation of estimated values from the
observed pharmacokinetic parameters in
some cases, interspecies scaling could be
used to analyse the pharmacokinetic be-
haviour of drugs in veterinary medicine, it
provides good explanations for the ob-
served differences between animal species
(Mahmood, 2007). The experience with
allometric scaling shows that after inclu-
sion of large number of analysed data
(from as many as possible animal species

Table 5. Allometric relationship between body clearance, volume of distribution and elimination
half-life of cephalosporin antibiotics on the body mass in mammalian species

Antibiotic Parameters n tinp Clp Vs
a 11 1.03 0.348 0.33
Cefepime b 11 0.163 0.68 0.99
r 10 0.82 0.981 0.981
P <0.01 <0.001 <0.001
a 8 1.05 0.220 0.298
Cefyuinome b 8 0.165 0.875 0.975
r 8 0.332 0.910 0.984
P >0.05 <0.001 <0.001
a 7 1.45 0.203 0.32
Cephalexin b 7 -0.005 1.048 0.978
r 7 -0.210 0.985 0.992
P >0.05 <0.001 <0.001
a 11 0.83 0.757 0.819
Cefiriaxone b 11 0.13 0.727 0.790
r 11 0.823 0.946 0.959
P <0.01 <0.001 <0.001
a 7 1.96 0.155 0.21
. " b 7 0.09 0.82 1.033
Ceftiofur r 7 0.248 0.928 0.930
P >0.05 <0.001 <0.001

*Data are taken from Haritova & Lashev (2012). a — allometric coefficient, b — allometric exponent,

r — correlation coefficient, P — level of significance.
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Table 6. Ratios of predicted vs. observed pharmacokinetic parameters (%)e for cephalexin, cefepime,
cefquinome and ceftriaxone in mammalian species.

Cephalexin Cefepime Cefquinome Ceftriaxone
Parameter Clg Vi Clg Vs Clg Vi Clg Vs
Mouse 95 79 76.6 97 22.8 26.26
Rat 100 94 77 92
Rabbit 119 45 116 138
Cat 130 100
Dog 63 125 131 320 75 125 156 177
Monkey 181 128
Pig 75 73
Sheep 74.5 86.5 41 76 145 118
Goat 66 187 110 91.4 250 75 206 128
Cow 40 72 86 103 92 115 64 125
Buffalo 171 71 95.3 76 200 100 85 89
Horse 118 116 68 85 117 45 70
Camel 120 310 127 70

as well as individual studies for each spe-
cies) the method can provide precise val-
ues of estimated parameters (Mahmood &
Balian, 1999; Mahmood, 2007). Results
of previous studies confirm this observa-
tion. Therefore, in the present study, as
many as possible data reported in the
literature were used. Dividing animal spe-
cies in groups according to their physio-
logical characteristics additionally im-
proves the predictive power (Mahmood,
2007). For example, the excretion func-
tion of kidneys, which is important for the
elimination rate of cephalosporins, is dif-
ferent in mammals than in birds. These
differences lead to less correct estimations
of pharmacokinetic parameters by al-
lometric scaling analysis. That is why only
data for mammalian species were included
in the present calculations. The examined
cephalosporin antibiotics have similar
pharmacokinetic properties — low level of
distributions and fast elimination. They
are not metabolised in the organism and
are eliminated mainly by renal excretion
in the urine, which makes allometric scal-
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ing valuable (Mahmood, 2007; Hunter et
al., 2008). The allometric exponent b for
pharmacokinetic parameters, such as body
clearance and volume of distribution, re-
lated to physiological processes ranges
from 0.67 to 1 (Riviere et al., 1997). The
theoretical value for the volume of distri-
bution is 1 assuming that total body water
directly correlates to body weight and the
volume of distribution is a function of to-
tal body water. Our results for the ana-
lysed substances are close to the theoreti-
cal. Theoretical value of allometric expo-
nent b for volume of distribution (V) is
equal to 1. Our results for cephalosporins
in mammals are very close to 1, with high
correlation coefficient and low P-value,
which allow us accepting that V corre-
lates with body weight. This pharmacoki-
netic parameter could be predicted suc-
cessfully for investigated cefalosporins.

It is widely accepted that the metabolic
rate is propotional to body mass raised to
the three-quarter power (W"”). The over-
all renal and hepatic functions are related
to blood flow, which is dependent on car-
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diac output, scaled to b equal to 0.75. This
is true especially for drugs that did not
undergo significant metabolic conversion
(Mahmood & Balian, 1999; Mahmood,
2007). Our values of b for total body clea-
rance vary between 0.68 and 1. This could
be explaned by the chemical properties of
substances, number of species included,
variations in experimental design, and
inter-laboratory variability. In any case the
values of b do not differ statistically from
the theoretical value of 0.75. The pre-
sented data are close to the reported for
ceftiofur (Haritova & Lashev, 2012).

Grouping of animal species in clusters
according to their affiliation to different
orders improves allometric scaling as it
has been demonstrated in previous investi-
gations (Kirkwood & Merriam, 1990;
Mahmood, 2007; Haritova & Lashev,
2009). The findings of Hunter et al
(2008) suggest that better prediction of
the pharmacokinetic parameters and dos-
age regimen for birds are generated when
using only avian data and that improve-
ments in prediction are seen in drugs that
are renally excreted. Ideally, one should
scale values of Clg for compounds that are
excreted, without metabolism through
kidneys. In the current study we dealt with
drugs that are metabolised at a low extent.
The exponent 0.75 was widely applied for
Clg but it is based on basal metabolic rate
and usage of this fixed value can result in
wrong predictions (Mahmood, 2007).
According to Mahmood & Balian (1999)
b values between 0.7 and 1 allow for a
relatively proper prediction of Clg.

The most difficult for successful scaling
are the values of t;o3 (Mahmood, 2007;
Hunter et al., 2008). As a secondary pa-
rameter it is derived from scaling to
V,/Clg. In case of perfect correlation be-
tween body weight and last two parame-
ters, value of b for t;,3 would approxi-
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mate to 0.25. Such case has been reported
for quinolones in mammals and birds
where b was lower than 0.25 (Cox et al.,
2004; Cox, 2007; Haritova & Lashev,
2009). The same was registered for the in-
vestigated five cephalosporins (including
ceftiofur). So our calculations showed
lack (cephalexin and cefquinome) or pre-
sence of low association (cefepime and
ceftriaxone) between t;, values and body
weight for all analysed substances.

The majority of calculated values are
sufficiently close to the experimental. Ex-
ceptions are the values of cephalexin clea-
rance in cows and buffaloes and the
volume of distribution in goats. Different
cefepime clearance is observed in mon-
keys and volume of distribution: in dogs,
rabbits, goats and camels. For cefquinome
the differences in clearance values are in
sheep, goats and buffaloes, while for
ceftriaxone — in mice, goats, horses. The
volume of distribution of ceftriaxone was
different in mice.

In conclusion, the values of Clg and
Vs of cephalexin, cefepime, cefquinome,
ceftriaxone show significant correlation
with the body weight of mammals. The
values of the respective coefficient b are
close to the theoretical ones. Such rela-
tionships for t;,3 were detected only for
cefepime and ceftriaxone, but not for
cephalexin and cefquinome. The ratios
between the calculated and experimental
values for included cephalosporins varied
at a different extent. For some species
they are different from 1 (lower or
higher). These variations are related also
to the influence of various factors such as
animal breed or methodological differen-
ces. They are not a reason to accept dis-
cussed relationships as invalid. These dif-
ferences can be interpreted rather as cri-
teria for the objectivity of the experimen-
tal data included in the calculations. The
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published findings could be wused for
prediction of pharmacokinetic parameters
in rare wild and exotic species or for first-
in-animal dose selection.
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