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Mongrel dogs with ascites created by inferior vena cava ligation were given
cephalothin, cephaloridine, cefazolin, and cefamandole to evaluate the effect of
protein binding and serum pharrnacokinetics on the distribution of cephalosporins
into ascitic fluid. Antibiotics were given intramuscularly (15 mg/kg) every 4 h for
a total of eight doses. Antibiotic binding to dog serum and ascitic fluid was
measured by ultracentrifugation. Binding of the cephalosporins to dog serum
ranged from 31% for cephaloridine to 46% for cephalothin, considerably lower
than human serum binding for cefazolin, cephalothin, and cefamandole. Antibiotic
binding to ascitic fluid was only slightly lower than that to serum. Ascitic fluid
antibiotic concentrations, which approached equilibrium at 16 to 28 h, were
significantly higher for cefazolin and cephaloridine than for cephalothin and
cefamandole. However, serum concentrations were also higher for cefazolin and
cephaloridine, and percent penetration (ratio of serum peak to ascites peak x
100) was not statistically different among the four drugs. Binding of these
cephalosporins to extravascular fluid protein was an important factor that deter-
mined the total ascitic fluid antibiotic level achieved. A formula utilizing the log
mean serum level and binding to serum and extravascular fluid protein was used
to accurately predict ascitic fluid drug levels at equilibrium.

We have previously measured ascitic fluid
concentrations of three cephalosporins in a dog
model after a single parenteral dose (6). In this
paper we extend these observations to include
cefamandole in addition to cefazolin, cephalori-
dine, and cephalothin in a multiple-dose study
of serum and ascitic fluid pharmacokinetics and
protein binding of cephalosporins in dogs. The
importance of both the log mean serum concen-
tration and protein binding (to ascites and se-
rum) as determinants of the ascitic fluid antibi-
otic concentration at equilibrium is emphasized.

(This work was presented in part at the 16th
Interscience Conference on Antimicrobial
Agents and Chemotherapy, Chicago, Ill., 27-29
October 1976.)

MATERIALS AND METHODS
Animal model. Ascites was produced in mongrel

dogs (initial weight, 14 to 18 kg) by partial ligation of
the inferior vena cava as previously described (6).
Dietary sodium chloride supplementation (15 g/day)
was required in one dog to maintain ascites. A total of
five dogs were used in this study. Ascitic fluid volume
was measured each time antibiotics were given, using
"2I-labeled human serum albumin (6, 10). Ascites vol-
umes in a single dog showed variation of from 1.2 to
3.7 liters during the course of the study. Total protein,

albumin, creatinine, blood urea nitrogen, bilirubin,
serum glutamic oxalacetic tr m , and alkaline
phosphatase were determined using the AutoAnalyzer
(Technicon, Terrytown, N.Y.). Cell counts were done
on a Coulter Counter (Coulter Electronics, Inc., Hi-
aleah, Fla.), and differential cell counts were manually
performed.

Antibiotic administration. All cephalosporins
were administered at a dose of 15 mg/kg (dry weight
prior to ascites) by deep intramuscular injection in the
gluteus or quadriceps muscles. Ascitic fluid specimens
were obtained by midline abdominal paracentesis, and
jugular venipuncture was used to obtain blood. Cefa-
mandole was studied in three dogs after single-dose
administration, and cefamandole, cefazolin, cephalo-
thin, and cephaloridine were studied in three dogs
after multiple doses. In the single-dose study of cefa-
mandole, serum and ascites specimens were obtained
at 0, 0.25, 0.5, 1 through 6, and 24 h after administra-
tion. In multiple-dose studies, serum and ascites were
obtained 20 min and 4 h after each dose. Each dog was
given eight injections on a 4-h schedule for a total
study time of 32 h. The entire multidose study was
completed during a 3-week period, rotating animals so
that a minimum of 7 days and a mimum of 15 days
elapsed between antibiotic administration to a given
dog. Dogs were numbered 1 through 5 and assigned to
antibiotics so that each received either two or three
different drugs (Table 3). Dry commercial dog food
and ad libitum water were allowed during experiments.
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Antibiotic a88ays. All assays were performed in
triplicate, using a microbiological disk-plate method
with 24-h incubation at 370C (9, 16). Cefazolin and
cefamandole were assayed on antibiotic medium no. 1
(Difco Laboratories, Detroit, Mich.), using Staphylo-
coccus aureus ATCC 6538P. Sarcina lutea ATCC
9341 was used for the assay of cephaloridine on anti-
biotic medium no. 1 (Difco). Bacillus subtilis ATCC
6633 was the indicator strain for cephalothin, which
was assayed on 75% synthetic agar and 25% biochem-
ical medium no. 6 (similar to Difco antibiotic medium
no. 5, but with 6 g of yeast extract and 17.5 g of agar
per liter). Standard curves in pooled dog ascitic fluid
and serum were superimposable and were used inter-
changeably in the assays. Cefamandole was supplied
through the courtesy of Eli Lilly and Co., Indianapolis,
Ind.

Protein binding. Antibiotic binding to both serum
and ascitic fluid was determined by an ultracentrifu-
gation method (15). A minimum of three determina-
tions in ascitic fluid and serum were performed for
each antibiotic. Most of the binding determinations

were performed in vitro by adding known amounts of
drug to pooled ascites or serum; however, in vivo
determinations were also performed on specimens ob-
tained from single animals during multidose studies.
Both in vivo and in vitro binding was performed for
aU antibiotics except cephaloridine (serum), with from
one to three in vivo determinations in both serum and
ascites for each drug.

Prediction of ascitic fluid concentration. Half-
life (tj) in serum was determined from the slope of the
least-squares regression line (7). Log mean serum level
(the antibiotic concentration which must be main-
tained by constant infusion to give the same area
under the curve obtained by intermittent administra-
tion) was determined by graphically finding the mid-
point of a straight line connecting the mean serum
peak and trough on semilogarithmic paper. Prediction
of antibiotic concentration in ascitic fluid is based on

the assumption that unbound antibiotic duses freely
between serum and ascites and has the same concen-
tration in both at equilibrium. Total antibiotic concen-
tration (free plus protein bound) in ascitic fluid
([CQ]) is determined by the folowing simple equa-
tion: [C.] - [C.] (F./F.) (equation 1), where [C.] =

log mean total serum concentration, F. = free fraction
of drug in serum (percent free in serum/100), and F.
= free fraction of drug in ascitic fluid (percent free in
ascitic fluid/100). From this formula it can be seen
that if a drug is bound equaly to serum and ascites,
F, is equal to F. and the ascitic fluid level is equal to
the log mean serum level.

Statistics. Standard error of the mean was deter-
mined by the method of Mantel (11). Statistical sig-
nificance was determined by using the Mann-Whitney
U test (1).

RESULTS

Characteristics of ascitic fluid and se-
rum. Ascites and serum cell count, pH, protein,
and albumin are shown in Table 1 for four of the
five dogs used in this study and did not differ
appreciably from values previously reported (6).
Blood urea nitrogen, creatinine, bilirubin, serum
glutamic oxalacetic transaminase, and alkaline
phosphatase were normal in all of the dogs.
Protein binding. Binding of the four cepha-

losporins to dog serum and ascitic fluid is shown
in Table 2. Serum binding was relatively low for
all four drugs in dogs. Data for both in vitro and
in vivo determinations were pooled (Table 2),
since the maximum difference in mean binding
by the two methods was 5.8%, well within the
accuracy of the bioassay used. Ascitic fluid bind-
ing was similar to or slightly lower than serum
binding for all of the cephalosporins, as expected

TABLE 1. Characteristics of ascitic fluid and serum from four dogs

Parameter Leukocytes (permm3) Polymorpho- Total protein Albumin pHnuclearn (% (g/dl) (g/dl)
Serum
Mean 14,100 73 4.5 2.2
Range 9,800-22,000 60-84 3.7-4.8 1.5-2.6

Ascites
Mean 1,375 37 3.4 1.7 7.6
Range 900-2,000 16-68 2.8-3.8 1.2-1.9 7.5-7.7

TABLE 2. Serum half-life (til,) and protein binding to dog serum and ascitic fluid using an
ultracentrifugation method

t1/2 Serum protein binding (%) Ascites protein binding (%)Antibiotic 1/2
Antibiotc(h) Mean Range Mean Range

Cefamandole 0.9 41.9 35.5-46.5 (6)a 41.4 38.0-46.0 (5)
Cephalothin 0.9 45.7 42.0-50.0 (7) 38.1 33.8-47.0 (6)
Cephaloridine 1.2 31.2 25.0-39.5 (3) 28.4 25.8-31.0 (5)
Cefazolin 1.5 34.2 27.0-43.0 (9) 22.0 13.0-27.0 (5)
aNumber of determinations is given in parentheses.
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3) was statistically greater in the multiple-dose
study than in the single-dose study only for
cefamandole (P < 0.05). Although percent pen-
etration among the cephalosporins varied from
16% for cephalothin to 37% for cefazolin (Table
3), these differences were not statistically sig-
nificant.
Calculation of predicted ascites antibi-

otic concentration. Serum t1 (Table 2) was
shorter for cefamandole and cephalothin than
for cephaloridine and cefazolin. Mean peak and
trough serum levels from the multidose study
are shown in Table 4 together with the log mean
serum levels. Equation 1 was used to calculate
a predicted ascitic fluid level for each drug based
on protein binding to serum and ascites (Table
2) and the log mean serum level. This predicted
ascites level is in good agreement with the mea-
sured ascites level at equilibrium (Table 4).

DISCUSSION
Serum protein binding of cephalosporins, es-

pecially cefazolin, and its effect on extravascular
fluid antibiotic concentration have been studied
in several models (2,3,5,6,14, 17, 19). In general,
despite high binding to human serum, cefazolin
concentrations in extravascular fluids have nev-
ertheless been high, with the exception of obser-
vations made using the skin-window technique
(17). These high extravascular cefazolin concen-
trations fail to support the contention that high
serum binding inhibits the distribution of drug
into tissue fluids. Failure to take into account
two important variables, species differences in
serum protein binding and binding to extravas-
cular fluid protein in addition to serum, can
account for these apparently discrepant results.

The first ofthese variables, species differences
in serum protein binding, is a major factor influ-
encing cephalosporin kinetics, particularly in ca-
nine experiments. Whereas cefazolin is 86%
bound to human serum (8), binding to dog serum
was only 34% by ultracentrifugation in this study
compared to 88% in human serum by the same
method (15). Previous studies are not in agree-
ment on the binding of cefazolin to canine serum.
Naber and Madsen and Nishida et al. found
cefazolin binding to serum by slow dialysis and
ultrafiltration to be only 24 and 20% (12, 13),
whereas Watermann et al., using ultrafiltration,
found cefazolin was 80% serum bound in dogs
(20). Similarly, cefamandole binding to human
serum (80%) is approximately twice as high as
in dogs (15, 18). Canine serum binding of ceph-
aloridine (31%) in this study was higher than
previously reported in dogs (10%), but cephalo-
thin binding (46%) agreed with previous reports
(13, 20), although it was considerably lower than
the 79% reported in humans (13, 15). Thus, for
three of the four cephalosporins studied in these
canine experiments, serum protein binding was
markedly lower than in humans, and therefore
an inhibitory effect of high serum protein bind-
ing on extravascular distribution should not be
expected in dogs.
The second variable that serves to explain

high extravascular levels of highly bound anti-
biotics is binding to extravascular fluid protein.
Our measurements in dogs (Table 2) show that
cephalosporins are bound only slightly less to
ascitic fluid than to serum proteins. This appre-
ciable binding of cephalosporins to ascitic fluid
serves to explain why total concentrations of
these drugs in ascitic fluid may be quite high.

TABLE 3. Mean and range of ascites volume and percent penetration (ratio of ascites peak to serum peak x
100) for four cephalosporins after intramuscular administration every 4 h for eight doses

Ascites volume (liters) Penetration (%)
Antibiotic Dogs studied'

Mean Range Mean Range

Cefamandole 1, 2, 3 8.7 5.6-12.4 24 19-28
Cephalothin 2, 4, 5 6.2 1.1-9.2 16 10-30
Cephaloridine 3, 4, 5 3.8 1.0-6.3 25 22-33
Cefazolin 1, 2, 4 8.7 3.6-11.7 37 21-56

a Dogs were numbered 1 through 5.

TABLE 4. Predicted cephalosporin ascitic fluid concentration at equilibrium determined from the log mean
serum level, protein binding to ascites and serum (Table 2), and equation 1

Mean serum peak Mean serum Log mean serum
Predicted ascites Measured ascites

Antibiotic (jg/mi) trough (g/m) level level at euilibum level at equilibrium
(ag/mi) ~~(pg/mi)

Cefamandole 13.5 1.1 3.8 3.8 3.3
Cephalothin 20.8 0.8 4.0 3.7 3.4
Cephaloridine 32.7 4.3 11.8 11.3 8.2
Cefazolin 29.8 6.3 13.6 11.4 10.3
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Although free (unbound) drug levels may be
relatively low in ascitic fluid, the total drug
concentration (bound and unbound) may be
very high if large amounts are bound to the
protein in the extravascular fluid.

Unfortunately, both the factor of lowered se-
rum protein binding and the factor ofsubstantial
extravascular binding are operative in the dog
model, making it impossible to discern the rela-
tive importance of each. However, in humans,
where cefazolin serum binding is high, high bind-
ing to extravascular fluid protein is very likely
the explanation for reported high cefazolin con-
centrations in ascitic fluid and pleural fluid (3,
4). In contrast, saline-filled skin windows which
contain low amounts of protein also have very
low total concentrations of cefazolin, nearly all
of which is probably free drug (17).

It is also clear from our data that cephalospo-
rin serum kinetics (peak and trough levels, tO) in
dogs are the major determinant of the equilib-
rium level achieved in ascitic fluid. The low
serum peak levels and short ti of cefamandole
and cephalothin, compared to cephaloridine and
cefazolin, resulted in markedly lower log mean
serum levels of the former drugs when given
every 4 h (Table 4).
Equation 1 was developed to incorporate the

effects of both serum kinetics and protein bind-
ing on extravascular penetrance of antibiotics. It
is based on the assumption that unbound anti-
biotic diffuses freely into extravascular body
fluids but is bound to these extravascular fluids
in proportion to the amount ofprotein (albumin)
present in the fluid. The equilibrium level of
drug achieved in ascitic fluid is then determined
by only two factors, the drug level maintained
in the serum (log mean serum level) and the
relative binding of the drug to serum and ascitic
fluid (ratio of free drug fraction in serum to free
drug fraction in ascites). We emphasize that the
equation applies only to steady-state or equilib-
rium conditions. This is particularly important
when working with a large extravascular volume
such as ascites, in which equilibrium may not
occur until multiple doses of drug have been
given (Fig. 2).
Although equation 1 gave a reasonably close

prediction of ascites levels, it was about 10%
high for cefamandole, cephalothin, and cefazolin
and 25% high for cephaloridine (Table 4). These
small errors may be due to the inherent inaccu-
racies of the bioassay technique used in deter-
mining antibiotic levels and protein binding, or
to failure to obtain peak levels in ascitic fluid
which may occur at some time between the 20-
min and 4-h sampling times used in this study
(6).

In addition to ascites, we expect equation 1 to
be applicable to any extravascular fluid into
which antibiotic can diffuse freely, such as
pleural effusions, joint effusions, and serous
wound exudates. A previous study of penicillins
in dog ascites has shown good predictability of
equation 1 for that class of antibiotics, several of
which are highly protein bound (D. N. Gerding,
L. R. Peterson, J. K. Salomonson, W. H. Hall,
and E. A. Schierl, J. Infect. Dis., in press). It
may seem paradoxical that very highly protein-
bound drugs actually have the potential to
achieve the highest extravascular fluid concen-
trations due to binding to protein in the extra-
vascular fluid. Of course the free drug concen-
tration of these highly bound drugs will still be
low, but as long as it exceeds the minimum
inhibitory concentration of susceptible orga-
nisms, the drug should be effective. There may
even be some advantage in having large amounts
of locally bound antibiotic in dynamic equilib-
rium with free drug at the site of infection, for
the protein-bound drug may act as a reservoir
to maintain adequate local free drug levels dur-
ing periods when serum free drug levels are
lower than extravascular fluid free drug concen-
trations.
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