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Pharmacokinetic studies on ceftazidime, an aminothiazole cephalosporin with a wide spectrum of antibac-
terial activity, including activity against Pseudomonas aeruginosa, were performed in patients with nosocomial
pneumonia. The concentration-time profiles of ceftazidime in plasma, urine, and bronchial secretions of 12
patients were investigated after intravenous (i.v.) (n = 12), endotracheal (n = 10), and aerosol (n = 5)
administrations. In all cases a 1-g dose was administered. Concentrations of drug in all samples were assayed
by high-performance liquid chromatography with UV detection. The elimination of the drug from the blood
followed a biexponential (i.v. administration) or a monoexponential (endotracheal and aerosol administrations)
decay, with an elimination half-life of 6 h and a total body clearance of 4.2 liters/h. The apparent volume of
distribution was 0.36 liter/kg of body weight. Renal clearance of the drug accounted for 58% of the total
clearance; 66% ± 17.7%, 33.5% ± 17.3%, and 6.59%o ± 3.45% of the administered dose were eliminated in
urine as parent drug after i.v., endotracheal, and aerosol administrations, respectively. The absolute
bioavailabilities were 0.47 and 0.08 for endotracheal and aerosol administrations, respectively. Very high
concentrations were found in bronchial secretions after local administration. The MICs for 90%o of the most
important pathogens responsible for nosocomial infections were exceeded by concentrations in bronchial
secretion for up to 12 h after i.v. infusion and for up to 24 h after endotracheal and aerosol administrations.

Nosocomial pneumonia is associated with high levels of
mortality and is a well-recognized complication in hospital-
ized patients, particularly those cared for in intensive care
units (ICUs) (13, 21). The problem is particularly severe in
intubated patients receiving mechanical ventilation. Patients
with tracheostomies, especially when they are unconscious
and cannot collaborate in obtaining adequate bronchial
drainage, have a high incidence of bronchopulmonary infec-
tions caused by Pseudomonas aeruginosa and other gram-
negative enteric bacilli. These organisms are the most trou-
blesome nosocomial infections in the ICU and are often
resistant to many antibiotics (15). The concentrations of
antibiotics in respiratory secretions following parenteral
administration are sufficient to suppress the normal bacteria
flora but cannot generally inhibit the growth of bacilli re-
sponsible for hospital-acquired infections (15). Topical ad-
ministration of antimicrobial agents results in very high local
concentrations. This approach has been studied extensively
as prophylaxis against pneumonia in humans, with mixed
results (10, 12, 18, 19).

Ceftazidime is a cephalosporin with exceptionally high
activity against a wide spectrum of bacteria. It is highly
stable against a wide range of 1-lactamases and is bacteri-
cidal. It may therefore offer a wider spectrum of activity and
a low incidence of toxicity. Ceftazidime was found to be safe
and effective in a variety of serious infections, many of
which were due to P. aeruginosa (5, 6).

* Corresponding author.

Studies of the pharmacokinetics of ceftazidime in human
volunteers show a half-life (t1l2) of 1.8 h and about 90%
recovery in urine (14). Penetration into extracellular fluids is
equal or superior to those of other cephalosporins (22).
The aim of this study was to determine the pharmacoki-

netic profile of ceftazidime after endotracheal and aerosol
administrations in intubated patients with gram-negative
pulmonary infections and to compare the computed pharma-
cokinetic parameters with those determined after intrave-
nous (i.v.) administration. In addition, the kinetic profile of
ceftazidime in bronchial secretions was assessed.

MATERIALS AND METHODS

Patients. This study was carried out in 12 patients (9
males, 3 females; mean age, 63 ± 13 years) admitted to an
ICU for major gastrointestinal surgery. All the patients were
mechanically ventilated and developed nosocomial pneumo-
nia. This clinical situation required nursing care procedures
consisting of thorough suctioning of tracheobronchial secre-
tions with a cannula every 1 to 2 h; this procedure also
allowed samples of bronchial secretions to be taken at
precise times. The characteristics of the patients used in this
study are summarized in Table 1.
Each patient received a physical examination before in-

clusion in the study. Nosocomial pneumonia was defined by
its occurrence at least 4 days following admission to the
ICU, elevated temperature (>38.5°C), leukocystosis (>10 x
109 liter-'), purulent sputum at least 3 days before the trial,
and lung infiltration on chest X ray. Pneumonia was con-
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TABLE 1. Patient data

Patient no. Sex' Wt (kg) Ht (cm) Age (yr) Serum creatinine CLCR(p.mol/liter)b (ml/min)'

1 M 118 183 58 135 35
2 M 84 170 62 70 96
3 M 92.4 165 61 102 46
4 M 77.5 166 65 41 139
5 M 82.4 182 41 65 102
6 M 61 170 53 54 112
7 F 69.5 160 67 44 108
8 M 80.3 168 84 104 33
9 M 66 160 58 101 62
10 F 122 165 43 57 107
11 M 64 160 48 75 40
12 F 72.2 156 82 94 50

Mean + SD 82.4 ± 19.8 167 ± 8.4 60 ± 13.4 78.5 ± 28.7 77.5 ± 36.8

a M, male; F, female.
b Normal serum creatinine values, 45 to 106 jjmol/liter.
Normal CLCR values, 120 ± 20 ml/min.

firmed by fiber-optic bronchoscopy with double-sheathed
microbiological brushes (9). All the patients enrolled in the
study met all of these criteria. The status of each patient was
ascertained by standard laboratory tests, including liver
function tests (bilirubin, prothrombin time, alanine ami-
notransferase, aspartate aminotransferase), creatinine clear-
ance (CLCR; computed from serum creatinine and 24-h urine
collection data), as well as urinalysis and urine microscopy.

Patients were excluded from the study if they fulfilled any
of the following criteria: patients were not mechanically
ventilated; patients were <18 years of age; or patients had
respiratory distress syndrome, severe impairment of renal
function (CLCR, <30 ml/min), hepatocellular impairment
(Childs Pugh score ofB or C), and known hypersensitivity to
1-lactam antibiotics.
Among the patients, six subjects had a normal renal

function (CLCR, >80 ml/min), and the six other subjects had
mildly impaired renal function (CLCR, 30 to 80 ml/min).
The patients or their families were fully informed of the

study design and were enrolled in the study after having
given written informed consent. The protocol was approved
by the ethics committee of the local hospital.
Drug administration and dose. All patients received a

30-min i.v. infusion of 1 g of ceftazidime by an infusion
pump. Ceftazidime was also instilled into the tracheas of 10
of the patients while they were in the supine position.
Endotracheal administration was performed through a plas-
tic catheter that was deeply inserted into the trachea. The
position of the catheter (1 cm before the carina) was con-
trolled by using a portable chest roentgenogram and was in a
similar location for each patient. Ceftazidime (1 g) was
diluted in 20 ml of water and was slowly injected into the
trachea over a 30-min period by an infusion pump. Five
patients received 1 g of ceftazidime in 20 ml of water by
aerosol therapy. Aerosol therapy was performed by using an
ultrasonic aerosol (particle size, -1 p,m; DP 100; DP Medi-
cal, Meylan, France) that was placed into the inspiratory
part of the ventilator (Servo 900 C,D; Siemens, St. Denis,
France), near the endotracheal tube.
An interval of at least 48 h was allowed between the

administration of the i.v., endotracheal, and aerosol doses.
The order of administration was randomly assigned.
For all patients, before endotracheal and aerosol adminis-

trations, tracheobronchial secretions were obtained by suc-

tion through the endotracheal tube to obtain pretreatment
samples and to clear the respiratory tract of secretions as
much as possible before drug administrations. No saline or
any other fluid was introduced.
The patients were treated with an aminoglycoside (tobra-

mycin, 4 mg/kg of body weight per day, or amikacin, 15
mg/kg/day) in combination with ceftazidime.

Samples. Blood samples for drug assay were drawn into
EDTA tubes by direct veinipuncture or through an indwell-
ing catheter inserted into an antecubital vein for repeated
blood sampling. Samples were collected from the arm con-
tralateral to the arm used for drug administration (i.v.
infusion) immediately before and at 10, 20, 30, 40, 50, 60, and
90 min and 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 h after
each administration. Plasma samples were obtained by cen-
trifugation at 3,000 x g for 10 min. The samples were then
stored at -20°C, with quality-control samples prepared from
human plasma.
The total urine output, collected at discrete intervals, was

obtained from an indwelling catheter before dosing and at 0
to 1, 1 to 2, and about each 2 h until 24 h after drug
administration. The collection bottles were kept in a refrig-
erator except during voiding. At the end of each interval, the
total volume of urine was measured and recorded. The urine
sample was shaken thoroughly, and two 25-ml aliquots of the
sample were transferred to vials and were stored at -20°C
with quality-control samples until analysis.

Distal bronchial secretions were withdrawn by suction
through the endotracheal tube by using a single-use, pro-
tected blind distal bronchial catheter (mucus extractor; 50
cm; CH 16; Vygon, Ecouen, France) and traps before and at
2, 4, 6, 8, 10, 12, and 24 h after drug administration. At each
sampling time, a new catheter was positioned (10 cm deep).
Samples were immediately frozen at -20°C until analysis.
Assay of ceftazidime. The concentrations of ceftazidime in

plasma, urine, and bronchial secretions were assayed by
high-performance liquid chromatography (HPLC) with UV
detection by using a Dupont spectro-flow variable wave-
length UV detector that was operated at 254 nm and that was
fitted with a standard 12-,ul quartz cell. The method used was
proposed by Ayrton (2) and was modified as follows. Plasma
(0.5 ml) and urine (50 pA) were analyzed after treatment with
acetonitrile and centrifugation (2,000 x g for 10 min).
The bronchial secretions (50 to 100 mg) were liquefied by
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adding 1 ml of Digest Eur (Eurobio Laboratories, Paris,
France) and were then shaken for 15 min. The supernatant
was removed after centrifugation (1,000 x g for 10 min), and
the same assay procedures as the ones used for plasma and
urine samples were used for the supernatant (i.v. adminis-
tration) or serial dilutions of the supernatant (endothracheal
and aerosol therapies).
A steel chromatographic column (150 by 4.6 mm) was

packed with 3-,um Nucleosil C18 particles (SFCC, Neuilly
Plaisance, France). The mobile phase contained 5 parts of
acetonitrile and 95 parts of citrate buffer (citric acid, 0.75
g/liter; sodium citrate, 2 g/liter; adjusted to pH 5 with 2 M
NaOH) and was used at a flow rate of 1.5 ml/min. The
analytical column was kept at 50°C. Under these conditions,
ceftazidime had a retention time of 5.5 min, and the internal
standard (cephalexin) had a retention time of 8.5 min. None
of the samples of serum, urine, or bronchial secretions taken
before entry into the study showed peaks at the retention
time of ceftazidime or the internal standard.

This method was validated according to Good Laboratory
Practice guidelines. Quality-control samples were included
in each analytic sequence to verify the stability of the study
samples during storage and the accuracy and precision of
ceftazidime analysis. The inter- and intraday reproducibili-
ties of the HPLC assay, as well as its within-run precision
(recovery of spiked samples), were determined; the coeffi-
cient of variation was <10% for a concentration range from
0.25 to 100,g/ml. The limit of quantification was 0.25 ,ug/ml.

Pharmacokinetic analysis. The data were modeled by using
the SIPHAR software on an IBM PS 50 microcomputer by
the nonlinear least-squares method (11). After extravascular
administrations, ceftazidime plasma concentration-versus-
time curves were modeled for each patient by using a one- or
a two-compartment open model with either a first-order or a
zero-order rate of absorption by using the weighted term
11y2. The choice of the model and the order of the absorption
kinetic was done with respect to several criteria to assess the
goodness of fit of the models to the experimental data. These
criteria were as follows: the objective function; the coeffi-
cient of variation (CV) of each parameter, defined by the
formula CV = 100 x SD/P. where SD is the standard
deviation, and P is the parameter value (SD was computed
by using the variance-covariance matrix); and the scatter of
the plot of the residuals and the standardized residuals
(normalized to the variance model) against time and against
computed values and the correlation matrix. The value of
CV may give an indication of the accuracy of the estimate. If
CV is >20 to 30%, the lack of accuracy may be considered
too large to be accepted. Comparison between competing
models was made by using the 2-log likelihood, the Akaike
test, the Leonard test, and the Schwartz test (11).

All the pharmacokinetic parameters were evaluated after a
simultaneous fitting of the plasma and urine data, which
allowed a better estimation of renal excretion kinetic prop-
erties. The simultaneous fit was performed by a weighted
nonlinear least-squares procedure with a weight equal to
1/2. The renal clearance (CLR) of ceftazidime was estimated
from the slope of the plot of the excretion rate versus the
plasma drug concentration at the midpoint of the drug
excretion intervals. A t test was performed to compare the
computed intercept with the expected theoretical value
(zero). If the slope of the line was statistically significantly
different from zero (P < 0.05) and the intercept was not
significantly different from zero, the simultaneous fitting of
plasma and urine data can be, a priori, reasonably per-
formed. The following model was used:

N

Cp= Ci exp( - Xt)
i= 1

N

A= CLR C[1 - exp( - Xit)]/X

where C is the concentration of drug in plasma, Ci and X, are
the coeificients and exponents of the exponential model; Au
is the cumulative amount excreted in the urine up to time t,
N is the number of exponential terms describing the model
equation, and CLR is renal clearance.
The drug concentrations in the bronchial secretions were

separately modeled according to a one- or a two-compart-
ment model with first-order input and output rates.
The highest observed concentration was designated Cma.

The time of the Cmax relative to the time of dosing was
designated TmnQ. The total area under the curve (AUC) was
obtained by linear trapezoidal approximation with correction
to time infinity by dividing the last observed datum point by
the terminal elimination rate constant (X2). The total clear-
ance (CL) was evaluated by the following: FA, x dose/AUC,
where FA is absolute bioavailability. The apparent volume
of distribuution at steady state (Vss) was evaluated as follows:
VSS = CL (MRT - T/2), where T is the infusion duration
(or absorption) after the zero-order input rate and MRT is
the mean residence time, and Vss = CL - (MRT - 1Ika),
where ka is the apparent rate constant of absorption after the
first-order input rate. After extravascular administration, CL
and Vss were corrected by FA . MRT, a noncompartmental
parameter, was determined by the ratio of AUMC to AUC
corrected for the infusion period, where AUMC is defined as
the area under the first moment curve (MRT = AUMC/AUC
+ T/2) (24).
An estimate of the total amount of drug (Aj) excreted in

the urine was calculated from the amount recovered after 24
h (Au ), as follows:Au = A,2I(1 - exp-X2 x 24). The ratios of
AUC"and Au after extravascular and i.v. administrations
were used to calculate the fraction of the administered dose
which was absorbed or the absolute bioavailability FAUc
(FA). When a better fit was obtained with zero-order input,
the rate of absorption was computed as follows: FAu x
dose/Tma.

Statistical analysis. Results in the text are presented as
mean ± SD. Statistical comparisons of the pharmacokinetic
parameters Tma( Cm., AUC, t1/2 of elimination (t,12S),
FAUC, and Au between the two local administrations were
performed by a nonparametric Friedman test. Statistical
comparison of tl/2,3 between plasma and bronchial secretions
was performed by using a paired t test. AP value of less than
0.05 was taken as the threshold of probability.

RESULTS
Pharmacokinetic parameters after i.v. infusion. For all

patients, a simultaneous fit of the plasma and urine data was
performed by using a two-compartment open model with
first-order transfers among compartments and first-order
elimination rate constants. Figure 1 shows a plasma concen-
tration-versus-time profile with urine data for one patient.
The pharmacokinetic parameters for individual patients are
given in Table 2. The mean concentration of the individual
plasma samples peaked at 58.6 ± 10.0 mg/liter at the end of
infusion. The mean tj12 values of the distribution (Xi) and
elimination (X2) phases were 0.50 ± 0.25 and 6.11 ± 2.48 h,
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FIG. 1. Kinetics of ceftazidime in plasma (-), bronchial secre-

tions (0), and urine (E) after i.v. administration to patient 4.

respectively. The mean values of Vaa and CL were 0.358
0.105 liter/kg and 4.23 + 1.94 liters/h, respectively.
The estimated Au was 66% + 17.7%. Urinary elimination

of ceftazidime was related to the degree of impairment of the
renal function, since 62.6 to 95.6% of the dose was recovered
unchanged in nonuremic patients and 37 to 71.1% was

recovered in patients with mild renal insufficiency. Mean
CLR was 2.45 + 1.31 liters/h; it decreased from 3.44 0.808
liters/h (n = 6) in normal subjects to 1.46 0.896 liter/h (n =
6) in subjects with mildly impaired renal function.

Pharmacokinetic parameters after endotracheal administra-
tion. Ten patients received ceftazidime by the endotracheal
route. A one-compartment open model with first- or zero-
order input and first-order elimination adequately described
the observed data. For four patients (patients 2, 3, 4, and 6),
a better fit was obtained when the data were analyzed with a

zero-order rate of absorption (ko = 204.6 t 213.8 mg/h); for
the other patients, the data were consistent with a first-order
rate of absorption (t1/2 of absorption = 0.951 + 0.548 h).
The ceftazidime plasma concentration-versus-time profile

with urine data for one patient is presented in Fig. 2.
Pharmacokinetic parameters for individual patients are given

Time(h)

FIG. 2. Kinetics of ceftazidime in plasma (i), bronchial secre-

tions (0), and urine (E) following a 1-g dose given endotracheally to
patient 4.

in Table 3. The mean peak concentration in plasma was 11.9
+ 7.70 mg/liter, which was reached after 2 to 8 h, depending
on the patient. This Cm. was about fivefold lower than that
obtained at the end of infusion; however, the level in plasma
at 4 h postdose was only twofold higher after i.v. than after
endotracheal administration (18.8 + 8.28 and 9.45 ± 5.61
mg/liter, respectively). The apparent t1/2, of 6.16 ± 2.94 h
was in the same range as that obtained after i.v. administra-
tion (F = 1.042; P = not significant). The mean values of V.5,
CL, and CLR were 0.356 ± 0.0996 liter/kg, 4.65 ± 2.95
liters/h, and 2.72 ± 1.31 liters/h, respectively. These values
were of the same order of magnitude as the values found
after i.v. administration; no statistically significant differ-
ences were detected.
The unchanged recovery of ceftazidime in urine accounted

for 33.5% ± 17.3% of the administered dose. The absorption
coefficient determined with reference to the i.v. administra-
tion was FAUC = 0.473 ± 0.268 when it was determined from
plasma data and FA. = 0.475 0.219 when it was determined
from urine data.

TABLE 2. Pharmacokinetic parameters of ceftazidime in individual patients after i.v. infusion

Patient no. t1/2 (h) MRT (h) V.. CL CLR A.
Distribution Elimination (liter/kg) (liters/h) (liters/h)0l %

1b 0.319 5.09 7.54 0.330 5.37 2.83 57.4
2 0.383 3.96 5.85 0.246 3.61 2.14 65.4
3b 0.450 6.13 8.66 0.308 3.33 2.04 71.1
4 0.933 2.52 2.52 0.234 6.76 4.42 84.8
5 1.02 4.30 4.40 0.373 7.35 4.14 70.1
6 0.585 5.84 6.06 0.638 6.40 3.29 62.6
7 0.416 4.90 6.38 0.388 4.23 3.14 89.9
8b 0.387 7.95 11.0 0.385 2.80 1.42 62.5
9b 0.567 6.50 8.33 0.430 3.41 1.47 47.6
10 0.184 5.02 8.64 0.318 4.58 3.53 95.6
llb 0.352 10.2 14.8 0.342 1.53 0.514 37.0
12b 0.499 10.8 15.5 0.303 1.41 0.511 48.3

Mean ± SD 0.50 + 0.25 6.11 + 2.48 8.31 + 3.88 0.358 + 0.105 4.23 + 1.94 2.45 ± 1.31 66.0 + 17.7

a The mean + SD CLCR was 5.02 + 2.56 liters/h.
b Patients with mildly impaired renal function.
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FIG. 3. Kinetics of ceftazidime in plasma (-), bronchial secre-

tions (0), and urine (0) following a 1-g dose given by aerosol to
patient 4.

Pharmacokinetic parameters after aerosol administration.
Five patients (patients 1 to 5) were treated by aerosol
therapy. A one-compartment open model with first-order
input and output rates adequately described the observed
data (Fig. 3). Pharmacokinetic parameters for individual
patients are presented in Table 4. The mean Cmax was 2.24 ±
1.52 mg/liter. The apparent absorption t112 and t1/2, were
0.735 ± 0.546 and 4.35 ± 2.45 h, respectively. The mean Vs,
CL, and CLR were 0.358 ± 0.0608 liter/kg, 6.50 ± 2.80
liters/h, and 3.34 ± 0.595 liters/h, respectively. The esti-
mated A,, was 6.59 ± 3.45%. The absorption coefficients
determined from plasma and urine data with reference to i.v.
administration were FAUc = 0.102 ± 0.0834 and F. =
0.0954 ± 0.0527.
The nonparametric test for Cma, AUC, FAUC, and Au

indicated a statistically significant difference between the
observations after aerosol administration compared with
those after endotracheal administration. There was no sig-
nificant difference between the two extravascular adminis-
trations for tl/2,3 and TmaX; however, individual values of
Tmna showed lower values after aerosol administration than
after endotracheal administration for two of four patients.

Penetration into bronchial secretions. Large variations
among individuals were noted in the concentrations of drug
in bronchial secretions.

After a 1-g i.v. infusion, the bronchial secretion concen-
tration-versus-time curves were consistent with a one-com-
partment model. The peak concentration in bronchial secre-
tions was obtained between 2 and 10 h postdose, depending
on the patient, with a noticeable value of 12.4 ± 6.48
mg/liter. The concentrations of ceftazidime in bronchial
secretions then decreased slowly (tl/213 = 6.53 ± 2.54 h) and
were still relatively high at 20 h (Fig. 1). The ratios between
concentrations in bronchial secretions and simultaneous
plasma concentrations in plasma (B/P) were 0.10 to 0.50 at 2
h postdose and 1.27 ± 0.13 (range, 0.30 to 3.54) at the time
of the peak concentration in bronchial secretions. The B/P
ratio was plotted against time; a statistically significant
straight line could be fitted to these data (r = 0.60; P <
0.001). The calculation of the AUCs of the concentration in
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the bronchial secretions and the concentration in plasma
yielded a mean B/P ratio of 0.764 ± 0.40.

After endotracheal administration, the results were con-
sistent with a one- (five patients) or a two-compartment
model. The mean of the peak concentration in bronchial
secretions of 13 g/liter (range, 2.5 to 23 g/liter) was reached
between 2 and 6 h. The concentration of ceftazidime in
bronchial secretions then decreased with a different rate
constant, depending on the patient (tl2 = 2 to 10 h), and was
still relatively high at 12 and 24 h (mean values, 320 and 57
mg/liter, respectively). The B/P ratios were much higher
during 12 h postdose (>500). It was about 60 at 18 h and 15
at 24 h. The mean ratio of bronchial AUC/plasma AUC was
1,018.7 ± 936.2. A kinetic of ceftazidime in bronchial
secretions is shown in Fig. 2.

After i.v. and endotracheal administrations, the paired t
test did not show any statistically significant difference
between the tl2, of drug from plasma and bronchial secre-
tions.

After aerosol therapy, a one-compartment model was
used. The concentrations of the antibiotic in the bronchial
secretions were measured at different intervals for only two
of five patients (patients 4 and 5). A kinetic is presented in
Fig. 3. For patients 4 and 5, at each sample collection time,
the B/P ratios were in the same range after endotracheal and
aerosol administrations. The ratios of bronchial AUC/
plasma AUC were 459.7 and 1,076.4 for patients 4 and 5,
respectively.

DISCUSSION

The tl2, found in this study (2.5 to 11 h) is higher than that
found in healthy volunteers (1.8 h) and patients with mildly
impaired renal function (3.74 ± 0.75 h) (20). The value of V,,
(0.22 to 0.638 liter/kg) is considerably different from those
obtained by Leroy et al. (20) in normal and uremic subjects
(0.25 liter/kg); moreover, this result is in the same range,
with the same interpatient variability, as those reported by
Turner et al. (25) (0.456 liter/kg) and Kercsmar et al. (17)
(0.394 liter/kg) in patients with cystic fibrosis. CL ranged
from 3.6 to 7.3 liters/h in nonuremic patients and from 1.4 to
5.3 liters/h in patients with mildly impaired renal function;
for 3 patients (patients 4 to 6), CL was in the same range as
that reported in healthy subjects (20). Large interpatient
variations in pharmacokinetic parameters were observed. In
the present study, the patients were treated with ceftazidime
in association with tobramycin or amikacin. This drug asso-
ciation could not explain the variabilities of the pharmaco-
kinetic parameters; indeed, in contrast to cefsulodin, an-
other cephalosporin that is efficient against Pseudomonas
strains, the concentration of ceftazidime in plasma is not
influenced by the combined treatment with tobramycin (23).
Kelly et al. (16) suggested that these variations may be caused
by the degree of right-sided heart failure present in the patient
during the period of treatment. These variabilities could also be
due to hemodynamic status and pathological conditions in
hospitalized patients in ICUs and could explain the difference
between CLR of ceftazidime and CLc in some patients.
The various concentrations of drug in bronchial secretions

reported in this study might not be related to the underlying
pathology, but similar variations have been observed fre-
quently in other studies (4), probably because of several of
the following host factors: degree of respiration, tissue
inflammation, volume of bronchial secretions, fibrosis,
edema, and the underlying extrapulmonary pathology.
These factors are difficult to evaluate and may vary consid-
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erably in individual patients. The pH, the purulence, and the
ionic composition of bronchial secretions could also explain
these variations (1).
The results of this study confirm the high rate of extravas-

cular diffusion of ceftazidime (4) and its excellent penetra-
tion into the respiratory tract. After i.v. infusion, the con-
centration of the antibiotic in the bronchial secretions
exceeded the MIC for 90% of the most important pathogens
(5) over a 2- to 12-h observation period; the corresponding
concentrations in bronchial secretions were 9.13 + 6.0 and
3.85 + 1.37 mg/liter, respectively. The penetration of the
drug from the blood into the bronchial secretions, i.e., the
bronchial secretion AUC as a percentage of the concentra-
tion in plasma (76.4% ± 40%), is higher than those reported
by several investigators in patients with severe pulmonary or
extrapulmonary pathology (3, 4, 7, 8). Indeed, Davies et al.
(7) reported a value of 10.8% after injection of a 1-g dose and
11.8% after a 2-g dose, whereas Erttmann et al. (8) reported
a value of 17.6% after 2 g was given i.v. twice daily for 7
days. After a 2-g intravenous infusion, Berthelot et al. (4)
reported a ratio between bronchial secretions and simulta-
neous concentrations in serum that increased from 9% at 1 h
to 30% at 6 h; in the present study, the ratios found 2 h
postdose were higher. These results suggest the effective-
ness of ceftazidime in the treatment of severe respiratory
infections.
The endotracheal administration of ceftazidime results in

high and sustained levels of this drug within bronchial
secretions during 24 h postdose; concentrations of drug in
bronchial secretions above the MIC for 90% of strains tested
were maintained up to hour 24. The absolute bioavailability
by this route of administration was almost 50%. The levels of
ceftazidime in plasma induced after endotracheal injection
suggested efficient alveolocapillar diffusion. The endotra-
cheal injection of ceftazidime might thus represent good
antimicrobial therapy for the management of bronchopneu-
monias caused by gram-negative organisms. Indeed, this
route of administration induces levels in both the alveoli and
blood which are adequate for the prevention or interruption
of upper airway colonization and, consequently, prevented a
subsequent respiratory tract infection.
The aerosol therapy induced good levels of ceftazidime in

bronchial secretions, while levels in plasma were lower than
those after endotracheal injection. The mean absolute bio-
availability computed after aerosol therapy was 10%.

Ceftazidime was generally well tolerated. No clinically
adverse reaction attributable to local antimicrobial treatment
was observed. The local tolerance to endotracheally admin-
istered ceftazidime was excellent.
On the basis of the pharmacokinetic data, our results

suggest that ultrasonic aerosol administration must be
avoided because of its low bioavailability. In contrast, taking
into account the levels of ceftazidime in bronchial secretions
and plasma, one could argue that the endotracheal route
might be clinically relevant. Moreover, in comparison with
the i.v. route, 1 g of ceftazidime provided very high local
concentrations over a 24-h period. Nevertheless, further
trials should be conducted to confirm the clinical efficiency
of the endotracheal route.
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