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Serum bactericidal activity against a penicillin-susceptible strain and a penicillin-resistant strain of Strep-
tococcus pneumoniae (amoxicillin and cefotaxime MICs, 0.001 and 1 mg/ml, respectively, and MBCs, 0.01 and
2 mg/ml, respectively) was measured in 12 healthy volunteers who each received an oral 875-mg dose of
amoxicillin and an intramuscular 1-g dose of cefotaxime in a crossover fashion. The areas under the bacte-
ricidal activity-time curves for the two strains were found to be similar for both antibiotics despite the
significantly higher (P < 0.002) AUC/MIC and peak level/MIC values for cefotaxime.

The incidence of pneumonia caused by penicillin-resistant
pneumococci (PRP) is increasing worldwide (6), including
Spain (11), at an alarming rate (2). Sensitivity determinations
based on the breakpoints of the National Committee for Clin-
ical Laboratory Standards (10) indicate that the penicillin-
resistant strains are susceptible to cefotaxime. In any case,
clinical data suggest that penicillins are effective in treating
pneumococcal pneumonia attributable to resistant strains (11).

The serum bactericidal activity test may be useful in inves-
tigations of the clinical potential of antimicrobial agents (7, 13,
15), since the data reflect the relationship between in vitro
activity and the concentrations achievable in vivo (5, 8). The
area under the serum bactericidal activity-time curve (AUBC)
is a more sensitive index of the pharmacodynamic effect than
the area under the serum concentration-time curve (AUC) (9).

Since bacteremia occurs in 30% of the cases of pneumococ-
cal pneumonia (3), we performed a phase I clinical trial to
study the serum bactericidal activity and pharmacodynamic
effects of amoxicillin and cefotaxime on both a penicillin-sus-
ceptible Streptococcus pneumoniae (PSP) strain and a PRP
strain in order to explore the pharmacodynamic background
that would contribute to explaining the similar clinical effica-
cies of penicillins and cephalosporins in the treatment of bac-
teremic pneumonia (11).

Twelve healthy male volunteers (mean age 6 standard de-
viation, 22.64 6 1.51 years; mean weight, 75.63 6 9.02 kg;
mean height, 179.50 6 7.07 cm) were included in this open,
randomized, controlled, crossover phase I clinical trial. The
protocol was approved by the Research Ethics Committee of
Hospital La Paz, Madrid, Spain. Written informed consent was
obtained from all subjects before their inclusion in the study.
Prior to the administration of 875 mg of amoxicillin orally or
1 g of cefotaxime intramuscularly (i.m.) (with a 7-day washout
period between treatments), 15 ml of whole venous blood was
collected from each subject. After drug administration, addi-
tional samples of 5 ml were collected at 15 min, 30 min, 1 h,

1.5 h, 2 h, 4 h, 6 h, and 8 h. Serum was separated for bioassay
and determination of serum bactericidal titers (SBTs).

Amoxicillin and cefotaxime levels were determined by bio-
assay, using Micrococcus luteus ATCC 4698 as a reference
organism, in 20-cm-diameter plates with 24 ml of Antibiotic
Agar No. 1 (Difco) containing a final inoculum of 2.5 3 106

CFU/ml. Sixty-microliter aliquots of each serum sample were
deposited into 10-mm-diameter wells in inoculated plates that
were incubated at 37°C for 18 h. Standards containing from
0.078 to 25 mg/ml and from 0.937 to 30 mg/ml were prepared
for amoxicillin and cefotaxime, respectively, in pooled serum
obtained from the volunteers before drug administration. The
Microstat program (Ecosoft, Inc., Indianapolis, Ind.) was used
to determine the assay regression line (standard curve) and to
extrapolate the antibiotic concentrations from the correspond-
ing inhibition zone diameters. The reproducibility of the assay
was determined from the means of the coefficients of variation,
which were 1.92, 2.59, 0.48, and 0.75% for 25, 12.5, 6.25, and
1.56 mg of amoxicillin per ml, respectively, and 0.28, 0.53, 0.16
and 0.69% for 30, 15, 7.5, and 3.75 mg of cefotaxime per ml,
respectively. The lower limits of detection were 0.19 and 0.20
mg/ml for amoxicillin and cefotaxime, respectively.

SBTs against S. pneumoniae strains selected on the basis of
having the same penicillin, amoxicillin, and cefotaxime MICs
and MBCs (for the PSP strain, 0.01 mg/ml for both concentra-
tions; for the PRP strain, 1 and 2 mg/ml, respectively) were
measured by the microdilution technique (16). Serum samples
(50 ml) were diluted in noninactivated human serum (obtained
from each volunteer before drug administration) containing
20% Todd-Hewitt broth (Difco). The final volume in each well
was 100 ml, and the final inoculum concentration was approx-
imately 7 3 105 CFU/ml. The inoculated plates were incubated
at 37°C for 18 h and subcultured to plates of antibiotic-free
blood agar medium which were incubated at 37°C for 18 h. The
SBT was defined as the maximum dilution of serum that pro-
duced a 99.9% reduction of the initial inoculum.

Antibiotic concentration-time curves for each subject were
analyzed through application of the noncompartmental ap-
proach by using the SIPHAR 4.0 program (Simed, Creteil,
France). The AUBCs were calculated from plots of serum
bactericidal titers versus time by using the trapezoidal rule.
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Due to the crossover design of the study, the statistical
analysis was performed with a specific tests for paired data,
analysis of variance, with drug treatment and study phase as
covariables. Nonparametric tests were used in those cases in
which the homoscedasticity assumptions were not fitted. Alpha
error was adjusted by the Bonferroni method for multiple
comparisons (1). A P value of ,0.002 was considered statisti-
cally significant.

Serum drug levels and SBTs over time are shown in Table
1. Before drug administration, antibiotic levels and SBTs
were below the limits of detection (SBT, ,2). Cefotaxime
was found to be present in serum at higher levels (P ,
0.002) than amoxicillin up to 1.5 h after dosing. SBTs against
the PSP were significantly higher for cefotaxime than for
amoxicillin 15 min postdosing. No differences were found
between amoxicillin and cefotaxime in SBTs against the
PRP strain at all sample times and against the PSP from 15
min on.

Pharmacokinetic and pharmacodynamic parameters are pre-
sented in Table 2. Significant differences (P , 0.002) were
found between the two antibiotics with respect to AUC, AUC/
MIC, Cmax (maximum concentration of a drug in serum), and
therapeutic index (peak level/MIC) values. No significant dif-
ferences were found between the AUBCs for the two drugs for
either the PRP or the PSP strain.

In this study, we measured the serum bactericidal activities
of amoxicillin and cefotaxime and their dependence on phar-
macokinetic parameters, avoiding the standard in vitro suscep-
tibility influence by using PRP and PSP strains with the same
amoxicillin and cefotaxime MICs or MBCs. Serum bactericidal

tests were performed with high concentrations of serum in
order to simulate in vivo clinical conditions as closely as pos-
sible. When measuring the global serum bactericidal activity
with time (AUBC), similar values were obtained with both
antibiotics for both strains despite the significantly (P , 0.002)
higher AUC/MIC and peak level/MIC ratios for cefotaxime
than for amoxicillin (two and three times higher, respectively).
This similarity of the ex vivo bactericidal activities of standard
doses of amoxicillin and cefotaxime, despite the differences in
the calculated pharmacodynamic parameters against pneumo-
coccal strains (susceptible or resistant to penicillin) with equal
in vitro susceptibilities to both drugs, may have clinical rele-
vance if bloodstream bactericidal activity plays a role in the
outcome (14).

The two strains and two antibiotics used in this study were
also used in two previous experiments, a pharmacodynamic
simulation (4) evaluating the ability of the antibiotics to reduce
the initial inoculum after continuous exposure to simulated
serum antibiotic concentrations and a neutropenic-mouse
pneumonia model (12) measuring bacterial lung clearance and
mortality rates. The results of this phase I study are in accor-
dance with the results obtained in these previous studies, in
which the significantly greater capability of amoxicillin to de-
crease the initial inoculum of PRP in the pharmacodynamic
simulation was translated in the animal model to decreased
PRP virulence versus untreated (control) and cefotaxime-
treated animals, as measured by the lower mortality rates and
the higher level of PRP lung clearance obtained with amoxi-
cillin.

TABLE 1. Levels of drugs in serum and SBTs

Time (h)

Levels and SBTs for the drug

Amoxicillin Cefotaxime

No. of serum
samplesa

Level in serum
(mg/ml)b,c

SBT againstc,d: No. of serum
samplesa

Level in serum
(mg/ml)b,c

SBT againstc,d:

PSP (n 5 12) PRP (n 5 12) PSP (n 5 12) PRP (n 5 12)

0.25 12 2.99* 6 1.45 32* (16–128) 2 (0–4) 12 17.12* 6 3.48 256* (256–256) 4 (2–4)
0.5 12 5.42* 6 1.20 128 (64–512) 4 (2–8) 12 22.93* 6 2.04 512 (256–512) 8 (2–8)
1 12 7.14 6 1.16 384 (256–1,024) 4 (2–16) 12 26.81 6 1.52 512 (512–512) 8 (4–8)
1.5 12 8.57* 6 1.49 512 (256–1,024) 8 (4–16) 12 25.89* 6 1.74 512 (256–512) 8 (4–8)
2 12 6.64 6 1.51 256 (256–512) 6 (2–8) 12 15.29 6 3.67 256 (128–512) 4 (2–8)
4 12 4.51 6 0.93 128 (32–256) 2 (0–4) 12 8.24 6 2.64 128 (32–128) 2 (2–4)
6 12 1.89 6 0.84 24 (2–128) 2 (0–2) 10 2.15 6 1.93 32 (2–64) 2 (0–2)
8 4 0.33 6 0.56 1 (0–16) 0 (0–2) 0 NDe 0 (0–16) 0 (0–0)

a Number of serum samples tested with antibiotic concentrations over the detection limit (0.19 and 0.20 mg/ml for amoxicillin and cefotaxime, respectively).
b Values are means 6 standard deviations.
c An asterisk indicates that the value is statistically significantly different from the corresponding value for the other antibiotic (P , 0.002).
d Values are medians (ranges).
e ND, not determined.

TABLE 2. Pharmacokinetic and pharmacodynamic parameters

Drug

Value for parametera

Cmax (mg/ml) Tmax (h) t1/2 (h) AUCexp
(mg z h/ml)

Cltot
(ml/min z kg)

Vd (liter/kg of
body weight)

AUBC AUCyMIC TI

PSP PRP PSP PRP PSP PRP

Amoxicillin 8.57* 6 1.49 1.50 2.06 6 0.68 35.43* 6 6.92 25.68 6 5.71 73.77 6 20.59 1,307 24.5 3,543* 35.43* 857* 8.6*
Cefotaxime 27.11* 6 1.66 1.13 6 0.23 1.41 6 0.45 83.42* 6 15.31 12.34 6 2.16 24.01 6 5.22 1,344 23.75 8,342* 83.42* 2,711* 27.1*

a Values are means (6 standard deviations where indicated). Values with asterisks are significantly different from the corresponding values (P , 0.002).
Abbreviations: Cmax, maximum concentration of drug in serum; Tmax, time to maximum concentration of drug in serum; t1/2, half-life; AUCexp, experimentally
determined AUC value; CLtot, total clearance; Vd, volume of distribution; TI, therapeutic index (peak level/MIC).
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