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The disposition of the novel cephalosporin cefepime (BMY-28142) was characterized for intravenous
administration of single doses to rats and cynomolgus monkeys, the species used most extensively for safety
evaluation of the compound. Serial blood samples were collected from individual animals, and plasma was
analyzed for intact cefepime by a high-pressure liquid chromatography-UV method. Assay results were
evaluated by compartmental and noncompartmental methods to characterize pharmacokinetics for each
species and dosage regimen. For intravenous (i.v.) bolus administration of 28 to 386 mg/kg (body weight) to
rats, total body clearance (CL; 11.0 mI/min per kg) was essentially invariant with the dose; however, the
terminal half-life (t1/2) and the steady-state distribution volume (V.) increased with increasing dose level. After
administration of 87 to 1,502 mg/kg by i.v. infusion, CL (12.5 ml/min per kg) was again similar for all dose
groups. Mean t1/2 values (1.3 to 4.6 h) appeared unusually long for a cephalosporin in rats, and inordinately
variable. No consistent differences among dose group mean V. values were found. The maximal concentration
of drug in plasma at the end of infusion was not a linear function of dose. For the cynomolgus monkey, kinetic
parameters for 5-min i.v. infusions were linearly related to dose over the range of 10 to 600 mg/kg. Mean
parameter values were tj12 = 1.7 h, CL = 1.6 ml/min per kg, and V. = 0.21 liters/kg. The pharmacokinetic
results indicate substantive differences between the two species with respect to their response to toxicologic
doses of cefepime.

Cefepime (BMY-28142) is a novel, semisynthetic cephalo-
sporin that is under development for parenteral human
therapy. It differs from other aminothiazolyl methoxyimino
derivatives like cefotaxime and ceftizoxime by having a
quaternized N-methyl pyrrolidino moiety attached to the
methylene group at C-3 (Fig. 1). The compound has excel-
lent activity against a broad spectrum of clinically important
pathogens, including Staphylococcus aureus and Pseudomo-
nas aeruginosa strains resistant to other new, broad-
spectrum cephalosporins (6, 9, 24).
Extensive preclinical safety evaluations have been con-

ducted with cynomolgus monkeys and rats, the latter being
appreciably more susceptible to toxicity at high cefepime
doses. The present study was conducted to characterize
cefepime disposition in these species after single-dose ad-
ministration. Dose levels and other administration parame-
ters were selected to mimic those of the toxicologic studies.

MATERIALS AND METHODS

Antibiotic formulations. Cefepime was provided by the
Pharmaceutical Product Deyelopment Department, Bristol-
Myers, Co., Syracuse, N.Y., as the sulfate salt or the
lyophilized dipolar ion (Mr, 481).
The initial formulation, used for rat bolus doses of 28 and

89 mg/kg (body weight), entailed the combination of
cefepime sulfate with NaHCO3 and L-lysine in a 10:1:2.9
weight ratio and dissolution in sterile water for injection.
Subsequently, lyophilized dipolar ions were reconstituted
with sterile water to yield 250- or 500-mg/ml solutions. These
were subsequently diluted with sterile water to prepare
solutions used for dosing. Each formulation was prepared on

* Corresponding author.

the day of dosing; a portion was stored (-20°C) pending
analysis for cefepime content by a high-pressure liquid
chromatography-UV assay.
Rat i.v. bolus study. Male Sprague-Dawley rats

[Crl:COBS(SD)BR; Charles River Breeding Laboratories,
Inc., Wilmington, Mass.] were housed individ-ually with ad
libitum access to food and rodent chow, whidh was with-
drawn about 2 h before dosing. The rats weighd 255 to 400
g at dosing. On the day before dosing, a catheter was
implanted in the right external jugular vein of each rat, under
anesthesia. The catheterization procedure was essentially
that described by others (2). The catheter was kept patent
with heparinized saline (10 U/ml) overnight and with normal
saline during the sampling interval. Each dose of 28, 89, 200,
or 386 mg/kg was administered as a bolus (ca. 20-s) injection
into a caudal vein. Blood (0.25 ml) was collected into a
syringe, previously flushed with heparinized saline, at the
following times: 3, 9, 15, and 30 min and 1, 2, 3, 4, and 5 h
postdose.
Rat infusion study. Male rats, weighing 290 to 400 g, were

catheterized 1 to 2 days before dosing. Each rat received a
single dose of 87, 371, 891, 1,440, or 1,502 mg of cefepime
per kg infused for 15 min into a caudal vein at a constant rate
with a Harvard model 944 pump. Two additional groups of
rats received either 807 mg/kg over 5 min or 864 mg/kg over
a 10-min infusion period. The dose volume was 1.5 ml/kg for
every rat. A plastic restraint device (Harvard Apparatus,
South Natick, Mass.) was used during infusion. Heparinized
blood samples were collected at the following times after the
termination of infusion: 1, 3, 6, 15, and 30 min and 1, 2, 3.5,
5, 6.5, and 8 h. For the lowest- (87-mg/kg)-dose group, the
last five sampling times were 1.5, 2, 2.5, 3, and 3.5 h. The
blood depletion volumne was estimated as 15% total blood
volume of a 300-g rat.
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FIG. 1. Structure of the cephalosporin cefepime, 7-[a-(2-

aminothiazol-4-yl)-a-(Z)-methoximinoacetamido]-3-[(1-methyl-1-pyr-

rolidinio)-methyl]-3-cephem-4-carboxylate.

Monkey infusion study. Three male cynomolgus monkeys,

weighing 4.0 to 6.3 kg, each received single doses of 10, 100,

300, and 600 mg of cefepime per kg according to a crossover

design. A recovery period of at least 2 weeks followed each

dosing session. The saphenous vein of each leg was catheter-

ized with an i.v. placement unit (20-gauge by 2.5 cm; A-Cath

Teflon; Delmed, Inc., Canton, Mass.) that was kept patent

wvith sterile normal saline; one catheter was used for dosing,

and the other was used for sampling. All doses were admin-

istered as 5-mmn, constant-rate infusions (0.48 ml/min per kg)

into a $aphenous vein by means of the Harvard pump.

During drug administration and the first 1 to 2 h of collection,

the monkeys were held on a restraint board. Thereafter,

blood samples were obtained by venipuncture of the femoral

vein during brief manual restraint. Sampling times relative to

the start of the 5-mmn infusions were 6, 9, 15, and 30 min and

1, 2, 3, 4, 6, 8, and 10 h. The blood depletion volume was

estimated as 12% total blood volume of the smallest monkey.

Plasma assays. Plasma was prepared from blood by cen-

tIfugation and was analyzed for intact cefepime by a vali-

dated high-pressure liquid chromatography-UV method (3).

The accuracy and precision of the analyses were verified

with control samples that were stored and assayed with the

study samples.

Pharmacokinetic analyses. Plasma cefepime concentration-
versus-time data were evaluated by both compartmental and

noncompartmental pharmacokinetic methods. A noncom-
partmental value for the elimination half-life(ttw2) was calcu-

lated as (iln 0.5)/b, where b was the slope of the least-squares
regression line for n terminal datum points, with n selected

to maximize the correlation coefficient. The maximal con-

centration of drug in plasma(Cmab) observed at the termina-
tion of infusion was taken as the noncompartmental Cmo,
value. The area under the concentration versus time curve

(AUC) and the area under the first mnoment of the curve
(AUMC) were estimated by the trapezoidal method and by

the log-trapezoidal method during the terminal, log-linear

phase. The terms C'/b and (C'/b) (t' + 1/b) were used for

AUC and AUMC calculations, respectively, for extrapola-

tion to infinite time, where C' was the concentration pre-

dicted from the terminal regression line for t', the last

sampling time (13). Mean residence time in the body (MRT)

was estimated as MRT = (AUMC/AUC) - T2, where Tcwas
the infusion duration; T = 0 for bolus dosing. Total body
clearance (CL; CL = dose/AUC) and steady-state distribu-
tion volume [sals;Vth= MRT(CL)] were also calculated.

Initial estimates of compartmental parameters were ob-

tained by the method of residuals (7). Subsequently, the

concentration-versus-time data were fit to bi- or
triexponential functions representative of two- or three-
compartment open models (central-compartment elimina-
tion), by means of the iterative, least-squares, nonlinear
regression programs of NONLIN84 (16). A weight of 1/C2
was usually applied to the individual subject datum sets. The
"goodness of fit" was evaluated on the basis of the diagnos-
tic statistics calculated by NONLIN84 subroutines for each
estimation job and by subjective comparison of predicted
and actual concentration-versus-time plots. Optimized
"macro" constants for infusion administration were con-
verted to their bolus i.v. equivalents, as described by Loo
and Riegelman (13). The coefficients and exponents for the
characteristic bolus function were then used to derive the
following parameters by standard equations: Cmax, AUC,
AUMC, t112, MRT, CL, and Vss (4, 7, 13, 19, 25).

Statistical methods. The significance of differences be-
tween mean pharmacokinetic parameters was evaluated
either by a one-way analysis of variance (ANOVA) model
(rat studies) or by a randomized-blocks ANOVA model
(monkey study) (10). Dose-dependent parameters were eval-
uated after normalization for dose level. The Tukey or
Tukey-Kramer multiple comparison procedure was used to
compare mean values at each dose level for which significant
differences were found. The upper bound on the type I error
was held at a = 0.05. In cases in which substantial hetero-
geneity of variance among groups was observed, a rank
transformation was applied to the data, and comparisons
were made on the basis of the ranks (5).

Regression analyses (18) were also used to evaluate dose-
dependent parameters. Adequacy of a linear fit of the
parameter-versus-dose relation was evaluated by computing
a lack of fit statistic based on a partitioning of the pure error
from the residual error. In cases of nonhomogeneous van-
ance, weighted linear regression was used, where the
weights were the reciprocals of the variances at each dose
level. Significance of slope, intercept, and goodness-of-fit
estimates were assessed at the 5% level.

RESULTS
Bolus administration to rats. A primary objective of the

initial rat study was to determine whether kinetic parameters
varied linearly with bolus dose. Serial blood samples were
collected from each individual rat after administration of a
single i.v. dose of cefepime. Concentrations of the intact
cephalosporin in plasma were determined as a function of

TABLE 1. Pharmacokinetic parameters for bolus i.v.
administration of cefepime to ratsa

Pharmacokinetic parameter estimates" (SD)
Bolus dose c CL
(mg/kg) tin (h) MRT (h) (pA.UC/ir) (ml/min (liteVrs/kg)

28 0.39 (0.02) 0.51 (0.03) 1.58 (0.28) 10.8 (2.2) 0.33 (0.05)
89 0.65 (0.18) 0.59 (0.11) 1.54 (0.24) 11.0 (1.7) 0.38 (0.04)

200 2.0 (1.9) 0.74 (0.42) 1.53 (0.44) 11.7 (3.3) 0.46 (0.14)
386 2.3 (1.8) 0.92 (0.52) 1.63 (0.25) 10.4 (1.4) 0.56 (0.31)

a Data are dose group mean values from compartmental analyses for five to
seven individuals.

b Statistics based on ANOVA. Rank transformations applied to all param-
eters except AUC and CL. The mean tln for the 28-mg/kg dose was
significantly less than the means for the 200- and 386-mg/kg doses. The mean
tln for the 89-mg/kg dose was significantly different from that for the
200-mg/kg dose. No other significant differences were found for any parame-
ter.

c Normalized to a 1-mg/kg dose.
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FIG. 2. Plasma cefepime concentrations for bolus i.v. dosing of
rats. Serial plasma samples were collected from each individual after
a single injection. Each point represents the mean for five to seven
rats.

time (Fig. 2). Compartmental pharmacokinetic analyses of
the high-pressure liquid chromatography assay data yielded
parameter values (Table 1) that were generally equivalent to
results obtained by noncompartmental methods.
No significant deviation from a linear relationship between

AUC and dose was revealed by regression analysis, and
mean CL = 11.0 ml/min per kg was essentially invariant with
respect to dose level. There was, however, a consistent
increase in V., over the 14-fold dose range. At the lowest
dose level, the mean t1/2 value was comparable to that
reported for many cephalosporins and was nearly equivalent
to MRT(ln 2), as expected (7, 19). This was not the case for
doses of 89 mg/kg and above. The intersubject variability of
both t112 and MRT was marked at the higher dose levels.
Because of the heterogeneity of variance for these parame-
ters, significant differences among dose groups were not
discemable by the ANOVA procedures. On the basis of rank
analyses, the significance of group differences in t112 (Table
1) was apparent.

Infusion administration to rats. The results of acute toxi-
cologic studies indicate that rats tolerate higher doses when
cefepime is administered by constant rate infusion rather
than as a bolus (T. J. Davidson, Bristol-Myers Co., unpub-
lished results). Pharmacokinetics were characterized for i.v.
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FIG. 3. Relationship between Cm,,a and cefepime infusion dose
administered to rats. Each calculated Cmax value is the mean of the
compartmental (fitted) values for four or five individuals. Calculated
values for 5-min (807 mg/kg) and 10-min (864 mg/kg) infusion
intervals were normalized to an infusion time of 15 min for compar-
ison with the other five dose group means. The mean and standard
deviation of the plasma drug concentrations actually observed at the
end of the 15-min infusions are also shown.

infusions of 87 to 1,502 mg/kg, administered at a constant
rate over a 15-min interval. In addition, doses of approxi-
mately 850 mg/kg were infused over 5-, 10-, or 15-min
intervals to investigate the effect of infusion interval on
disposition. Serial plasma samples were obtained during the
postinfusion phase, and the cefepime concentration data for
each individual rat were evaluated. Although most datum
sets were adequately described by biexponential functions, a
triexponential function was most appropriate in a few cases.

Kinetic parameter values (Table 2) derived from the
characteristic functions were generally equivalent to the
results of noncompartmental evaluation. Mean AUC values
appeared essentially invariant with respect to infusion time,
linearly related to dose, and consistent with mean values for
bolus dosing. No significant differences in CL among the
various dose groups were observed, exclusive of the anom-
alous, 371-mg/kg dose group. An overall mean CL of 12.5
ml/min per kg was obtained. In contrast to the bolus i.v.
case, no consistent relationship between V., and dose was
apparent.

TABLE 2. Pharmacokinetic parameters for i.v. infusion administration of cefepime to ratsa

Dose (mg/kg) Infusion time Pharmacokinetic parameter estimatesb (SD)(min) C.. (pg/ml) t 12 (h) MRT (h) AUCC (pug bh/ml) CL (m/min per kg) V., (liters/kg)

87 15 233 (16) 1.3 (0.6) 0.40* (0.05) 1.55* (0.11) 10.8* (0.7) 0.26* (0.04)
371 15 679 (32) 2.4 (0.7) 1.14t (0.47) 1.17t (0.06) 14.3t (0.8) 0.98t (0.40)
807 5 2,903 (1,333) 2.8 (2.8) 0.49 (0.09) 1.43 (0.40) 12.3 (2.9) 0.37 (0.13)
864 10 2,379 (637) 4.6 (4.6) 0.49 (0.16) 1.28 (0.20) 13.1 (1.4) 0.38 (0.12)
891 15 2,136 (377) 1.2 (0.2) 0.53 (0.10) 1.33 (0.20) 12.8 (1.9) 0.40 (0.07)

1,440 15 3,526 (474) 1.8 (0.6) 0.46 (0.11) 1.25 (0.12) 13.4 (1.3) 0.38 (0.08)
1,502 15 4,689 (1,643) d _e 1.54* (0.24) 11.0* (0.2)

a Data are dose group mean values from compartmental analyses for four or five individuals.
b Statistics based on ANOVA. Rank transformations applied to all parameters except AUC and CL. In each column, means with different symbols are

significantly different from one another but not from means without symbols.
c Normalized to a 1-mg/kg dose.
d No representative mean. Range of values is 1.4 to 16.9 h.
e No representative mean. Range of values is 0.3 to 5.6 h.
f Indeterminate.

+ 386 mg/kg
* 200 mg/kg
* 89 mg/kg
-*- 28 mg/kg

[Z.-.... CALCULATED C,.
OBSERVED C,.,l
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FIG. 4. Plasma cefepime concentrations for a representative
cynomolgus monkey. Each dose of 10 (0), 100 (O), 300 (A), or 600
(*) mg/kg was administered as a 5-min i.v. infusion. A biexponential
function optimized by nonlinear regression is represented by a
continuous curve for each dose level.

Characterization of tj/ and MRT was less straightforward.
The blood collection interval was limited (especially for the
87-mg/kg group) and an unambiguous characterization of the
inordinately slow elimination phase for many rats was not
possible. All tj,2 values were taken as estimates for the
purpose of comparisons among the various dose groups.
Marked intersubject variability of ti,2 values was observed
for all groups. Although there were large differences among
dose group mean values, large variances precluded statisti-
cal verification of these differences. Mean ti,2 values were

consistently greater than those of MRT.
C,,. values, calculated from fitted exponential functions,

were reasonably close to actual values observed at the end of
infusion. The Cn values for 5-, 10-, and 15-min infusions of
approximately 850 mg/kg were normalized for infusion du-
ration (and dose) and were compared. No significant differ-
ences among these three groups were found. A significant
deviation from a linear relationship was apparent for the
regression of C,,,, on dose over the 17-fold dose range
represented by all seven treatment groups (Fig. 3).

Infusion administration to monkeys. Pharmacokinetics
were evaluated for administration of 10 to 600 mg of
cefepime per kg to cynomolgus monkeys as 5-min i.v.
infusions. Postinfusion drug concentrations in plasma were
well characterized by biexponential functions in every case
(Fig. 4). Noncompartmental evaluations yielded values

equivalent to compartmental results (Table 3). All parame-
ters, including Cma. (Fig. 5), were linearly related to dose.
Overall mean values were t112 = 1.7, MRT = 2.2 h, CL = 1.6
ml/min per kg, and V., = 0.21 liters/kg. These results were
close to those expected for a dipolar ionic cephalosporin,
e.g., V,, approximated extraceilular fluid volume. Intersubject
variability was low and similar for all dose groups.

DISCUSSION

The pharmacokinetics of the novel cephalosporin
cefepime have been described for the two major toxicologic
species, rats and monkeys, used for acute and subchronic
safety testing. The study results indicate substantive differ-
ences between the two species with respect to their response
to toxicologic doses of cefepime.
A definitive evaluation of cefepime kinetics in rats has not

been achieved for any given dosage regimen. For example,
the accuracy of t1/2 values for some rats is questionable. It is
technically difficult to characterize the concentration of drug
in serum as a function of time during the transient distribu-
tion phase, define a t1,2 of several hours, and minimize
trauma by restricting the number of blood samples taken,
especially from high-dose animals, which may be physiolog-
ically impaired.

Despite these limitations, it is clear that in rats, cefepime
displays nonlinear kinetics that cannot be ascribed to
changes in CL. The most remarkable finding is related to the
terminal elimination phase. At the lowest (28-mg/kg) dose
level, tv2 is typical of that for many cephalosporins (17, 20).
Variability among individual rat values is quite low. At other
dose levels, the apparent ti2 is unusually long and variable
and exceeds the corresponding MRT estimate. The latter
result is evidence that assumptions of linear kinetic behav-
ior, e.g., first-order processes, and elimination exclusively
from the central compartment, upon which these MRT
calculations are based (4, 8, 19), may not be applicable. The
lack of dose proportionality in Cma,, is additional evidence
for nonlinear processes.

Dispositional parameters for all individual monkeys were
similar and clearly indicative of linear kinetics over the
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FIG. 5. Relationship between C.. and cefepime infusion dose
administered to cynomolgus monkeys. Each calculated C.. value
is the mean of the compartmental (fitted) values for three individu-
als. A least-squares regression line and the standard deviations of
the plasma drug concentrations actually observed at the end of
infusion are also shown.
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TABLE 3. Pharmacokinetic parameters for i.v. infusion (5-min) administration of cefepime to cynomolgus monkeysa
Pharmacokinetic parameter estimatesb (SD)

Dose (mg/kg)
Cma. (1Lg/ml) t12 (h) MRT (h) AUCC (,ug - h/ml) CL (ml/min per kg) V,, (liters/kg)

10 80 (17) 1.8 (0.3) 2.3 (0.5) 9.3 (1.1) 1.8 (0.2) 0.25 (0.02)
100 740 (19) 1.5 (0.1) 2.1 (0.2) 10.4 (1.3) 1.6 (0.2) 0.20 (0.04)
300 2,520 (660) 1.7 (0.4) 2.3 (0.6) 11.1 (1.3) 1.5 (0.2) 0.20 (0.03)
600 4,980 (840) 1.8 (0.2) 2.2 (0.3) 10.5 (2.6) 1.7 (0.4) 0.20 (0.03)

a Data are dose group mean values from compartmental analyses for three individuals.
b Statistics were determined from dose group comparisons and were not determined for Cmax. For the other parameters, there is no statistically significant

difference.
c Normalized to a 1-mg/kg dose.

60-fold dose range. The overall mean t1/2, 1.7 h, is greater
than that reported for most other cephalosporins in Macaca
species. Estimates based on recent literature are the follow-
ing: cefmetazole, 0.5 h (17, 21); cefamandole, 0.6 h (17);
cefazolin, 0.7 h (12, 22); ceftizoxime, 0.7 h (17); cefotaxime,
0.8 h (17); ceftazidime, 0.8 h (1); HR 810, 1.2 h (11);
cefotetan, 1.3 h (12, 22); cefpiramide, 2.5 h (15); and ceftri-
axone, 3.4 h (14). The slow elimination of the latter two
compounds may reflect their being highly sequestered by
plasma proteins. In contrast, cefepime has negligible binding
in all species tested (3, 9). Low binding, and the fact that CL
values are roughly half of inulin clearance values, viz., 3.1
ml/min per kg, for this primate (23), indicate that cefepime
may be subject to appreciable tubular reabsorption. The Vss
results do not reveal any remarkable difference from other
,-lactam agents, which tend to distribute to total extracellu-
lar water.

Rats are the most sensitive of the species challenged
acutely with toxicologic doses of cefepime. This idiopathic
sensitivity renders pharmacokinetic evaluations of special
interest as a potential reflection of physiologic alterations.
Recently, rats have been identified as having a unique
predisposition for cardiovascular effects after acute chal-
lenge with certain cephalosporins, such as cefepime and
cephaloridine (T. J. Davidson, Bristol-Myers Co., personal
communication). The atypical dispositional characteristics
of rats could be sequelae of transient hemodynamic distur-
bances that are in turn complex functions of dose and
administration rate.
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