
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, June 1990, p. 1007-1013 Vol. 34, No. 6
0066-4804/90/061007-07$02.00/0
Copyright © 1990, American Society for Microbiology

Crossover Assessment of Serum Bactericidal Activity and
Pharmacokinetics of Five Broad-Spectrum Cephalosporins in

the Elderly
ROBERT G. DEETER,l* MELVIN P. WEINSTEIN,2 KEITH A. SWANSON,' JOEL S. GROSS,3 AND

LEONARD C. BAILEY4
Department ofPharmacy Practice and Administration' and Pharmaceutical Chemistry,4 College of Pharmacy, Rutgers

University, Piscataway, New Jersey 08855; Departments of Medicine and Pathology, University of Medicine and
Dentistry ofNew Jersey-Robert Wood Johnson Medical School, New Brunswick, New Jersey 089012; and Anna Alexander

Greenwall Geriatric Program, Monmouth Medical Center, Long Branch, New Jersey 077403

Received 16 August 1989/Accepted 1 March 1990

To better define the pharmacokinetics and serum bactericidal activity (SBA) of the expanded-spectrum
cephalosporins in the elderly, we administered single 2-g intravenous infusions of cefoperazone, cefotaxime,
ceftriaxone, ceftazidime, and ceftizoxime to six healthy volunteers over the age of 65 years. Serum was collected
over 24 h, and concentrations were determined by high-performance liquid chromatography; pharmacokinetic
parameters were determined for each drug. SBA was measured against representative strains of Staphylococcus
aureus, Escherichia coli, KiebsieUa pneumoniae, Enterobacter aerogenes, and Pseudomonas aeruginosa. All
agents tested had excellent SBAs against E. coil and K. pneumoniae, often for a longer duration than would be
expected on the basis of conventional dosing regimens. Ceftazidime had the greatest SBA against E. aerogenes
and was the only agent with a substantial SBA against P. aeruginosa. Although ceftizoxime had the greatest
SBA against S. aureus, none of these cephalosporins had substantial antistaphylococcal SBAs. Pharmacokinetic
analysis revealed that cefoperazone and ceftriaxone had markedly different concentration-time profiles in the
elderly volunteers than would have been expected on the basis of existing data from younger volunteers. For
older patients, dosing guidelines for these two agents may need to be altered.

The broad-spectrum cephalosporins cefoperazone, cefo-
taxime, ceftriaxone, ceftazidime, and ceftizoxime are admin-
istered commonly to elderly patients. Although the pharma-
cokinetics of these cephalosporins have been well studied
(1), there have been no crossover pharmacokinetic trials in
the elderly.

Conventional in vitro susceptibility tests measure only
inhibitory antimicrobial activity under standard laboratory
conditions. An alternative to conventional susceptibility
tests, the serum bactericidal test (SBT), may provide a more
meaningful measure of the potential usefulness of antimicro-
bial agents (7, 22, 43, 47, 52-54). The SBT takes into
consideration the achievable concentration of the antimicro-
bial agent in serum as well as its inherent antibacterial
activity, and guidelines for a standard test method have been
published recently (35). In studies in which serum bacteri-
cidal testing has been used in young volunteers, differences
in the broad-spectrum cephalosporins have been shown,
including pharmacokinetics, in vitro activity, and serum
bactericidal activity (SBA) (3, 4, 15, 17, 18, 23, 38, 49, 50).
Although elderly individuals may exhibit altered metabolism
and pharmacokinetics of these antimicrobial agents (1, 19,
21, 24, 26, 27, 31-33, 42), no studies of SBA have been done
in this population. Therefore, we administered single 2-g
doses of cefoperazone, cefotaxime, ceftriaxone, ceftazi-
dime, and ceftizoxime to six healthy elderly volunteers and
studied both the pharmacokinetics and SBAs of these
agents.

* Corresponding author.

MATERIALS AND METHODS

Study subjects. Six healthy elderly volunteers (three
males, three females) participated in the study. They had the
following characteristics (means ± standard deviations):
age, 70.7 + 3.5 years; height, 165.0 ± 8.6 cm; weight, 74.6 ±
16.3 kg; body surface area, 1.82 + 0.21 m2; serum creatinine,
1.0 ± 0.3 mg/dl; calculated creatinine clearance, 55.9 ± 13.5
ml/min per 1.73 M2. Informed consent was obtained from all
subjects, and all subjects were requested to refrain from
ingesting alcohol or caffeine 24 h before and during each
study day. A medical history, physical examination, and a
panel of laboratory tests consisting of serum chemistries,
complete blood cell and platelet counts, and urinalysis were
performed before and after the study. All laboratory results
were normal, and physical examination showed no change
during or following completion of the study.

Antimicrobial agents. Each subject received a single 2-g
dose of each antimicrobial agent in a randomized crossover
fashion at weekly or greater intervals. The cephalosporins
cefoperazone, cefotaxime, ceftriaxone, ceftazidime, and
ceftizoxime were reconstituted and diluted to a total volume
of 50 ml with sterile water for injection and then infused over
30 min into a peripheral vein in the arm with a constant-rate
infusion pump. Standard analytical powders were provided
by the manufacturer of each antimicrobial agent and were
used for determination of MICs and MBCs as well as for
concentration analysis controls.

Clinical parameters. Ideal body weight was calculated by
the following formulas: 45.5 + 2.3 kg for every inch (2.54
cm) over 5 ft (1.524 m) for females and 50 + 2.3 kg for every
inch (2.54 cm) over 5 ft (1.524 m) for males (11). Body
surface area was determined from a table derived by the
method of DuBois and DuBois (14). Creatinine clearance
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was calculated from the formula of Cockcroft and Gault (6)
and normalized to 1.73 m2 of body surface area.
Specimen collection. Blood samples (8 ml) for measure-

ment of SBA and drug concentration were obtained before
the infusion (blank); just after the end of the infusion (0.5 h);
and 1, 2, 4, 8, 12, and 24 h after the start of the infusion.
Samples were placed immediately on ice and centrifuged,
and the serum was harvested. All samples were kept frozen
at -70°C until they were analyzed.

Concentration analysis. The cephalosporin concentrations
were determined by specific high-performance liquid chro-
matography techniques that were modified from assays
described previously (29, 44, 48). Briefly, 0.5-ml serum
samples were combined with an ice-cold 0.5-ml portion of a
mixture containing 70% methanol, 30% 0.1 M sodium ace-
tate (pH 5.2), and internal standard. This mixture was
vortexed for 30 s and then incubated at -20°C for 10 min.
The specimens were centrifuged (1,500 x g) for 10 min, and
15 RI of the resultant supernatant was injected onto the
column. For cefoperazone the internal standard was ceftri-
axone (100 ,ug/ml), for cefotaxime the internal standard was
cefoperazone (100 ,ug/ml), for ceftriaxone the internal stan-
dard was cefoperazone (100 ug/ml), for ceftazidime the
internal standard was cefotaxime (50 jjRg/ml), and for cefti-
zoxime the internal standard was cefotaxime (50 ,ug/ml).
Chromatography was performed at ambient temperature

by using equipment from Waters Associaties, Inc. (Milford,
Mass.): a model 510 pump, a model 712 intelligent sample
processor, a C-18 10-,m Guard-PAK precolumn, C-18 10-
,um (3.9 mm by 30 cm) ,uBondapak column, a model 490 UV
detector set at a wavelength of 254 nm, and a model 730
integrator. For cefoperazone, cefotaxime, and ceftriaxone,
an aqueous-organic mobile phase consisted of 10 mM phos-
phate buffer (pH 7.5) which contained 10 mM hexadecyl-
trimethylammonium bromide-acetonitrile. Aqueous/organic
phase ratios (vol/vol) and mobile phase flow rates varied and
were 75/25 at 1.3 m/min for cefoperazone, 82/18 at 2.0
ml/min for cefotaxime, and 65/35 at 1.2 ml/min for ceftriax-
one. For ceftazidime and ceftizoxime, 1,000 ml of the
aqueous-organic mobile phase consisted of 24 ml of glacial
acetic acid dissolved in 876 ml of high-performance liquid
chromatographic-grade water and 100 ml of acetonitrile,
respectively. The mobile phase flow rate was 1.5 ml/min for
both drugs.

Cephalosporin concentrations were determined by mea-
suring peak heights relative to those of the appropriate
primary drugs and internal standards. The lowest limit of
detection was defined as a concentration of less than 0.8
p,g/ml. The interday coefficients of variation for each of the
cephalosporin assays were as follows: cefoperazone, 5.9%;
cefotaxime, 3.6%; ceftriaxone; 3.2%; ceftazidime, 2.1%; and
ceftizoxime, 5.3%.
Microorganisms and microbiologic assays. Five microor-

ganisms, Staphylococcus aureus, Escherichia coli, Klebsi-
ella pneumoniae, Enterobacter aerogenes, and Pseudomo-
nas aeruginosa, were selected for analysis of SBA. All
strains were isolated from bacteremic patients at Robert
Wood Johnson University Hospital, New Brunswick, N.J.
The MICs and MBCs of the five cephalosporins against each
microorganism were determined by the microdilution
method established by the National Committee for Clinical
Laboratory Standards (NCCLS) (34, 36). The MBCs for
each microorganism and drug are shown in Table 1. SBA
was determined by using the standardized microdilution
method of Reller and Stratton (40) that has been adopted in
the proposed guideline published by the NCCLS (35).

TABLE 1. MBCs of broad-spectrum cephalosporins against
the study microorganisms

MBC (,tg/ml)
Microorganism Cefoper- Cefo- Ceftriax- Ceftazi- Cefti-

azone taxime one dime zoxime

S. aureus 4 2 4 16 8
E. coli <0.06 c0.06 0.125 50.06 -0.06
K. pneumoniae -0.06 50.06 0.06 0.06 c0.06
E. aerogenes 32 8 8 8 264
P. aeruginosa 16 32 16 2 32

Pharmacokinetic analysis. For each of the subjects, five
cephalosporin serum concentration-versus-time curves were
described by a two-compartment model with constant-rate
input. The best coefficient of determination, r2, from the
initial JANA stripping of data was used to determine the
compartmental analysis (12). The PCNONLIN two-com-
partment model with constant intravenous input and first-
order output algorithm was used for pharmacokinetic param-
eter determination (46). The data were weighted as 1/y2.
The following parameters were calculated: peak concen-

tration in serum, Cmax (in micrograms per milliliter); volume
of distribution in the central compartment, V1 (in liters/1.73
mi2); elimination and steady-state volumes of distribution,
Varea (in liters/1.73 i2) and Vss (in liters/1.73 m2), respec-
tively; distribution and elimination half-lives, t4/2. (in hours)
and tv2,, (in hours), respectively; area under serum concen-
tration-time curve, AUC (in ug * h/ml per 1.73 m2); and total
clearance, CL (in ml/min per 1.73 m2).
Pharmacodynamic analysis. Calculations of SBA were

done by assigning each reciprocal bactericidal titer an ordi-
nal number (e.g., <1:2 = 0, 1:2 = 1,. . .1:2,048 = 11).
Following the calculations, the results were rounded to the
nearest whole number and then reconverted to the corre-
sponding reciprocal serum bactericidal titer. The duration of
SBA was defined as the time (in hours) in which an SBA of
.1:2 could be detected at a given time point.

Statistical analysis. Pharmacokinetic values for each drug
were compared by using analysis of variance (41). The
Wilcoxon rank sum test was used to evaluate pharmacody-
namic values (41). A significant difference was defined as P
< 0.05.

RESULTS

Pharmacokinetics. All subjects completed the study. Mean
concentrations of drug in serum obtained at various times for
the five broad-spectrum cephalosporins in the six elderly
subjects after administration of single 2-g doses are given in
Table 2, and mean serum concentration-time profiles of the
five drugs are shown in Fig. 1.

Pharmacokinetic values for these cephalosporins are listed
in Table 3. Peak concentrations were significantly higher (P
< 0.05) for cefoperazone, ceftriaxone, and ceftizoxime than
they were for ceftazidime and cefotaxime. Concentrations
were detectable at 8 h for cefotaxime; 12 h for ceftizoxime;
and 24 h for cefoperazone, ceftriaxone, and ceftazidime. The
concentrations were significantly higher (P < 0.05) for
ceftriaxone than they were for cefoperazone and ceftazi-
dime; two of the six volunteers did not have detectable
concentrations of cefoperazone or ceftazidime at 24 h.
The tl/2, and AUC were longest and largest, respectively,

for cefoperazone and ceftriaxone (P < 0.05 for both param-
eters versus those of the other cephalosporins) and shortest
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FIG. 1. Crossover mean concentration-time profiles of cefoperazone (U), cefotaxime (A), ceftriaxone (0), ceftazidime ([1), and

ceftizoxime (0) in serum from elderly volunteers following the administration of 2-g intravenous infusions over 30 min.

and lowest, respectively, for cefotaxime. Ceftazidime and
ceftizoxime had intermediate values for these parameters.
Total clearance was greatest for cefotaxime, intermediate for
ceftazidime and ceftizoxime, and least for cefoperazone and
ceftriaxone. No difference was noted in t12,,,, V1, AUC, and
V., values for the five cephalosporins.
Pharmacodynamics. Mean serum bactericidal titers over

time for the five broad-spectrum cephalosporins against the
five microorganisms are given in Table 4. These drugs had
lower SBAs against S. aureus, E. aerogenes, and P. aerug-
inosa than they did against E. coli and K. pneumoniae.
Against S. aureus, ceftizoxime and cefotaxime had the
highest peak SBA (Table 4). The duration of antistaphylo-
coccal SBA was longest for ceftriaxone (24 h) followed by

those for cefoperazone (12 h), ceftazidime and ceftizoxime (8
h), and cefotaxime (4 h). Peak SBAs and duration of activity
of all the agents were similar against both E. coli and K.
pneumoniae. Mean peak titers of .1:1,024 were present for
each cephalosporin. Ceftriaxone, ceftazidime, and ceftizox-
ime had SBAs for at least 24 h after dosing, and cefopera-
zone and cefotaxime had SBAs for at least 12 h after dosing.
Ceftriaxone had considerable activity (titer range, 1:64 to
1:2,048), even at the trough of the usual dosing interval (i.e.,
every 24 h). Similarly, cefoperazone, ceftazidime, and ceft-
izoxime had SBAs for all volunteers at the trough of their
usual dosing intervals (i.e., 12, 8, and 8 h, respectively),
although the level of SBA was not as great as that observed
with ceftriaxone. The SBAs of the cephalosporins were

TABLE 2. Concentrations of broad-spectrum cephalosporins in serum from six elderly volunteers

Antimicrobial Mean + SD concn (pug/ml) at the following times (h):
agent 0.5 1.0 2.0 4.0 8.0 12.0 24.0

Cefoperazone 288.9 ± 58.6 194.0 ± 46.3 142.2 ± 40.7 81.6 ± 16.8 33.7 ± 14.5 21.6 + 13.4 8.8 + 9.2a
Cefotaxime 132.7 ± 33.7 61.4 ± 10.7 28.0 ± 5.5 10.0 ± 2.2 1.6 ± 1.4b NDc ND
Ceftriaxone 261.6 ± 61.6 202.6 ± 58.2 173.5 ± 36.0 141.9 + 29.8 109.9 ± 28.9 76.8 ± 14.0 47.8 ± 15.0b
Ceftazidime 167.3 ± 48.5 101.8 ± 20.9 56.1 ± 10.5 35.8 ± 8.6 13.6 ± 4.6 2.5 ± 1.5 0.2 ± 0.6a
Ceftizoxime 205.2 ± 40.9 141.0 ± 27.9 88.0 ± 26.1 37.3 ± 11.8 13.5 ± 2.4 5.1 ± 1.3b ND

a n = 4; the other two volunteers had concentrations of <0.8 pLg/ml.
b n = 6; all six volunteers had detectable concentrations at 8, 12, and 24 h for cefotaxime, ceftizoxime, and ceftriaxone, respectively.
c ND, Not detectable.

TABLE 3. Pharmacokinetic values for the broad-spectrum cephalosporinsa

Parameter Cefoperazone Cefotaxime Ceftriaxone Ceftazidime Ceftizoxime

Cmax (pg/ml) 288.9 ± 58.6 132.7 ± 33.7 261.6 ± 61.6 167.3 ± 48.5 205.2 + 40.9
tl/2cx (h) 1.50 ± 0.28 0.30 ± 0.13 1.24 ± 1.66 0.48 ± 0.45 0.54 ± 0.22
tli213 (h) 10.3 ± 4.3 2.0 ± 0.8 15.2 ± 3.9 3.7 ± 2.0 3.5 ± 2.1
V1 (liter/1.73 i2) 7.1 ± 1.3 10.2 ± 2.7 6.2 ± 1.4 9.4 ± 3.7 7.5 ± 0.9
V.rea (liter/1.73 mi2) 23.8 ± 8.6 28.4 ± 10.1 13.5 ± 3.0 24.9 ± 14.0 19.4 ± 12.2
Vss (liter/1.73 m2) 14.7 ± 3.8 20.6 ± 4.0 11.8 ± 1.6 18.1 ± 4.9 14.2 ± 6.8
CL (ml/min per 1.73 m2) 29.7 ± 11.5 172.3 ± 19.3 10.8 ± 3.3 79.3 ± 13.3 62.5 ± 4.8
AUC (pLg. h/ml) 1,215.9 ± 498.9 182.0 ± 21.1 3,144.4 + 731.9 409.2 ± 62.4 516.4 ± 80.3

a Data are expressed as means ± standard deviations.

VOL. 34, 1990 1009



ANTIMICROB. AGENTS CHEMOTHER.

TABLE 4. SBAs of broad-spectrum cephalosporins

Organism and Median reciprocal serum bactericidal titer at the following times (h)a
antimicrobial

agent 0.5 1 2 4 8 12 24

S. aureus
Cefoperazone 64 32 32 8 4 2 NAa
Cefotaxime 128 32 16 4 NA NA NA
Ceftriaxone 32 32 8 8 4 4 2
Ceftazidime 64 16 8 4 2 NA NA
Ceftizoxime 256 32 16 4 2 NA NA

E. coli
Cefoperazone 1,024 1,024 512 1,024 128 32 2
Cefotaxime 2,048 2,048 2,048 512 32 8 NA
Ceftriaxone 1,024 1,024 2,048 2,048 2,048 1,024 256
Ceftazidime 2,048 1,024 1,024 1,024 512 32 4
Ceftizoxime 1,024 2,048 1,024 1,024 512 32 2

K. pneumoniae
Cefoperazone 1,024 1,024 128 256 64 32 NA
Cefotaxime 1,024 2,048 1,024 512 32 4 NA
Ceftriaxone 2,048 2,048 1,024 1,024 512 512 128
Ceftazidime 2,048 2,048 512 512 128 32 2
Ceftizoxime 2,048 2,048 2,048 1,024 512 128 8

E. aerogenes
Cefoperazone 8 16 8 4 2 2 <2
Cefotaxime 64 32 4 2 2 NA NA
Ceftriaxone 64 64 16 32 32 16 4
Ceftazidime 256 128 64 32 8 2 NA
Ceftizoxime 8 4 2 2 <2 NA NA

P. aeruginosa
Cefoperazone 8 4 4 2 2 2 <2
Cefotaxime 4 4 2 NA NA NA NA
Ceftriaxone 4 4 2 2 2 2 NA
Ceftazidime 128 64 16 16 4 2 <2
Ceftizoxime 2 2 <2 NA NA NA NA
a NA, No activity or the reciprocal serum bactericidal titer was <2.

similar for both E. aerogenes and P. aeruginosa; for both of
these microorganisms, ceftazidime had the greatest peak
SBA. Against E. aerogenes, peak SBAs of cefotaxime and
ceftriaxone were 2-fold less than that of ceftazidime, and the
peak SBAs of cefoperazone and ceftizoxime were 16- to
32-fold less than that of ceftazidime (Table 4). The duration
of SBA against E. aerogenes was longest with ceftriaxone
(24 h), followed by cefoperazone and ceftazidime (12 h) and
cefotaxime and ceftizoxime (8 h). Against P. aeruginosa,
ceftazidime had a peak SBA that was 16-fold greater than
that of cefoperazone, 32-fold greater than those of cefotax-
ime and ceftriaxone, and 64-fold greater than that of cefti-
zoxime.

DISCUSSION
This crossover study measured comparative pharmacoki-

netics and SBAs of expanded-spectrum cephalosporins in
the elderly and demonstrated differences among these agents
in both areas. In the elderly volunteers that we studied, some
of the pharmacokinetic parameters among the five agents
tested, including Cmax, t1/2P, CL, and AUC, showed statis-
tically significant differences. In contrast, volumes of distri-
bution (V1, Varea, and V.s) andt112, were not significantly
different among these drugs.
The pharmacokinetic parameters of ceftriaxone and

ceftazidime were within the range of those previously pub-
lished in noncrossover studies of elderly individuals (13, 19,

20, 24, 27, 28, 33, 39). This is the first published report in
which the pharmacokinetics of ceftizoxime in the elderly
have been described. In two prior noncrossover studies of
cefotaxime in the elderly, in which different drug adminis-
tration methods and older individuals were studied, different
values were reported for the volume of distribution, CL, and
AUC, although t1/2, was similar to that observed for cefo-
taxime in this study (31, 32). The results obtained for the
pharmacokinetic parameters of cefoperazone examined in
our study differed from those in a noncrossover study (30) of
the elderly but were similar to results from a cefoperazone-
sulbactam study (42) of the elderly. Differences in the results
of this and the earlier study of cefoperazone (30) were noted
for volumes of distribution, CL, AUC, and t1/2, (10.3 h in
this study versus 2.2 h in the previous report [30]). The
differences cannot be explained. However, the t1/2,s of the
other cephalosporins obtained in our study were not dif-
ferent from those obtained in previously published studies of
elderly volunteers (13, 19, 20, 24, 26, 27, 33, 39), emphasiz-
ing the importance of a crossover design when comparing
cephalosporin pharmacokinetics.
The peak concentrations of all five broad-spectrum ceph-

alosporins in serum had a considerable range, from 132.7 to
288.9 ,ug/ml. The duration of detectable concentrations in
serum also varied; for example, cefotaxime was detectable
for 8 h (mean concentration at 8 h 1.4 ,ug/ml), whereas
ceftriaxone was detectable for at least 24 h (mean concen-
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tration at 24 h, 57.8 ,ug/ml). These single 2-g dose concen-

trations do not take into consideration drug accumulation.
Estimation of drug accumulation by a two-compartment
intravenous infusion model (16) and calculation of maximum
(Cpssm,m) and minimum (Cpssmin) concentrations based on a
30-min infusion and normal dosing intervals showed that
Cpssmax increased the most for ceftriaxone (mean increase of
62.5 ,ug/ml when the dose was given every 24 h), with lesser
increases noted for the other cephalosporins (range, 0 to 16.6
jig/ml). The calculated Cpssmin showed less dramatic in-
creases but surprisingly high values for ceftriaxone (65.2
jig/ml) and cefoperazone (41.1 ,ug/ml when the dose was
given every 12 h) were noted.
The concentration profiles of cefotaxime, ceftazidime, and

ceftizoxime in serum were slightly elevated in comparison
with the concentrations observed in studies of younger

populations; there was also a comparative increase in t1l2,
and a decrease in CL (9, 21, 23, 28, 37, 45, 51). We speculate
that these differences are due to decreased renal clearance in
the elderly, since no appreciable changes in volumes of
distribution were evident in our volunteers compared with
those obtained in previously reported studies of young
volunteers (9, 21, 23, 28, 37, 45, 51). From the perspective of
pharmacokinetic analysis, the changes in pharmacokinetics
seen in older individuals are not substantive enough to
warrant major alterations in either dose or dosing intervals
for cefotaxime, ceftazidime, or ceftizoxime, although the
concentration profile of ceftazidime and ceftizoxime in se-

rum may support dosing every 12 h in some individuals. In
contrast, the concentration profiles of ceftriaxone and cefo-
perazone in our elderly subjects showed marked differences
from those of studies of young healthy volunteers (2, 8, 23,
39, 45). The t1/2,s were significantly longer in the elderly
volunteers than in young volunteers for ceftriaxone (15.2
versus 6.5 h) and cefoperazone (10.3 versus 2.2 h), resulting
in significantly higher trough concentrations in the elderly at
12 h for cefoperazone and 24 h for ceftriaxone (Table 2). Two
factors probably accounted for the difference in concentra-
tion-time profiles for ceftriaxone and cefoperazone in elderly
versus younger individuals: increased volume of distribution
and decreased nonrenal clearance (5, 10, 19, 27, 30). Based
on this pharmacokinetic analysis, dosing intervals greater
than 12 h for cefoperazone and greater than 24 h for
ceftriaxone or a reduction in the dose without a change in the
dosing interval may optimize therapy in elderly patients.
When SBAs against the different bacterial organisms were

assessed, it became apparent that a wide range of possible
dosing intervals could be acceptable. For example, the
duration of bactericidal activity for very susceptible micro-
organisms such as E. coli or K. pneumoniae revealed that
SBAs were present for 12 h in the case of cefotaxime and 24
h in the cases of ceftazidime and ceftizoxime. Thus, longer-
than-standard dosing intervals may be acceptable for the
treatment of infections caused by such highly susceptible
microorganisms. Conversely, SBA results for more resistant
microorganisms showed that standard dosing intervals may

be inadequate against certain infections (7, 22, 43, 47,
52-54). For example, although ceftriaxone may achieve
concentrations is serum well above the MBC for P. aerugi-
nosa for 24 h, SBA was minimal 2 h after dosing (Table 4),
suggesting that ceftriaxone has little, if any, value as a

treatment for serious pseudomonal infections.
An apparent paradox in Tables 1, 2, and 4 requires

discussion. The conventional NCCLS method for broth
dilution susceptibility testing (34) uses cation-supplemented
Mueller-Hinton broth as the diluent, whereas the proposed

NCCLS SBT method (35) uses a diluent of cation-supple-
mented Mueller-Hinton broth mixed in equal parts with
human serum. Thus, the total drug concentration is mea-
sured in conventional NCCLS broth testing, whereas less
than total drug concentration is measured by the NCCLS
SBT method (largely because of protein binding) (15, 25, 47).
In one example of the apparent paradox, cefoperazone had a
greater SBA (1:32) than ceftriaxone (1:8) against S. aureus at
2 h, despite the greater total drug concentration of ceftriax-
one and the equivalent MBCs of the two drugs. Given the
greater protein binding of ceftriaxone and the measurement
of predominantly free drug only by the SBT, it is not
surprising that ceftriaxone has a lower SBA (15, 25, 47).
Other examples (e.g., ceftazidime and ceftriaxone against E.
aerogenes and cefoperazone and ceftriazone against P.
aeruginosa) can be explained in the same manner (15, 25,
47). This apparent paradox is not as evident for E. coli and
K. pneumoniae. The work of Leggett and Craig (25) has
suggested that the effect of protein binding is reduced for
these organisms, possibly because of bacterial inhibitory
factors in serum.

Limitations of the data in this study also deserve com-
ment. First, the number of volunteers studied was small (n =
6), and all volunteers were in good health and had no
significant organ dysfunction. Whether the pharmacokinet-
ics and SBAs would have been different in sick or hospital-
ized elderly patients is uncertain; however, these data
should provide better predictions of therapeutic activities of
drugs in the elderly than would information obtained from
young volunteers. Second, there was considerable variabil-
ity in the pharmacokinetic parameters studied (Tables 2 and
3) as well as in the SBAs in individual volunteers (data not
shown in Table 4). If a larger cohort of volunteers had been
studied, there would be greater confidence in the mean or
median parameters presented in Tables 2 through 4. Third,
only one representative isolate of each bacterial species was
used for the measurement of SBA. Although the isolates
selected all were proven pathogens from human blood and
exhibited MICs and MBCs characteristic for each species,
testing of multiple strains of each species would have been
preferable. Finally, we did not measure all pharmacokinetic
parameters. Analyses of protein binding, renal clearance,
and free drug concentrations and measurement of the con-
centration of the active metabolite of cefotaxime were not
done.

Since measurement of SBA takes into consideration in
vitro activity, drug pharmacokinetics, and drug pharmaco-
dynamics, we believe our results provide a rational basis for
initial dosing of these cephalosporins in the elderly. All had
excellent SBAs against the E. coli and K. pneumoniae
strains tested, and for susceptible isolates, all could probably
be provided at a lower dose or at a less frequent dosing
interval than those usually prescribed (17, 26). Against S.
aureus, ceftizoxime provided the highest SBA, although it is
questionable whether ceftizoxime or other members of this
group of antimicrobial agents should be used as primary
agents for therapy of S. aureus infections. Ceftazidime was
the most active agent against E. aerogenes and was the only
cephalosporin with substantial activity against P. aerugi-
nosa; for both microorganisms, significant SBA was present
for 8 h after dosing.
The results of this study provide important information

concerning the pharmacokinetic and pharamacodynamic
properties of expanded-spectrum cephalosporins in the el-
derly and should help optimize the use of these agents. It
would be useful, however, to have additional data from
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multidose crossover studies as well as clinical data from
hospitalized elderly patients to confirm our observations.
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