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Abstract Objective: Lung tissue
deposition of intravenous ceftazidime
administered either continuously
or intermittently was compared in
ventilated piglets with experimen-
tal bronchopneumonia. Design:
Prospective experimental study An-
imals: Eighteen anesthetized and
ventilated piglets Interventions:
Bronchopneumonia was produced by
the intrabronchial inoculation of Pseu-
domonas aeruginosa characterized by
an impaired sensitivity to ceftazidime
(MIC 16 mg/l). Ceftazidime was
administered either through a contin-
uous infusion of 90 mg/kg per 24 h
after a bolus of 30 mg/kg or by an
intermittent infusion of 30 mg/kg
per 8 h. Measurements and results:
Piglets were killed 24 h after the
initiation of continuous ceftazidime

(n = 6), and 1 h (peak, n = 6) and 8 h
(trough, n = 6) after the third dose
following intermittent administra-
tion. Lung tissue concentrations of
ceftazidime, measured by HPLC,
and lung bacterial burden were as-
sessed on multiple postmortem lung
specimens. During continuous ad-
ministration ceftazidime lung tissue
concentrations were 9.7 ± 3.8 µg/g.
Following intermittent administra-
tion peak and trough lung tissue
concentrations were, respectively,
7.1 ± 2.4 µg/g and 0.6 ± 1 µg/g. Lung
bacterial burden was different after
continuous and intermittent adminis-
tration (median 7.103 vs. 4.102 cfu/g).
Conclusions: Continuous infusion
of ceftazidime maintained higher
tissue concentrations than intermittent
administration.

Keywords Ceftazidime · Continuous
infusion · Pseudomonas aeruginosa ·
Bronchopneumonia · Mechanical
ventilation

Introduction

Because of its high incidence in mechanically ventilated
patients, ventilator-associated pneumonia affects length
and cost of stay in intensive care units [1, 2]. Pseu-
domonas aeruginosa and other Gram-negative enteric
bacilli, often multiresistant to antibiotics, are the most
frequent causative micro-organisms [3]. Ceftazidime is
a cephalosporin with a high activity against a wide spec-

trum of bacterias including P. aeruginosa. As with others
β-lactams and unlike aminoglycosides, the bactericidal
activity does not further increase when tissue concentra-
tions largely exceed minimum inhibitory concentrations
(MIC) [4]. The major determinant of antibacterial efficacy
is the time during which the antibiotic concentration at
the site of infection remains equal or slightly above the
MIC. Theoretically the use of a continuous infusion of
ceftazidime should offer the advantage of maintaining
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bactericidal tissue concentrations in the infected lung
parenchyma. In clinical practice the bactericidal efficacy
is assessed from ceftazidime plasma levels. Pharma-
cokinetic profile, however, may differ between the site
of infection and the plasmatic compartment since the
cephalosporins have been reported to achieve modest
concentrations in the tracheobronchial tree [5]. Therefore
it is of interest to assess whether the use of a continuous
infusion of ceftazidime allows an increased deposition
within the infected lung parenchyma and optimize the
pharmacodynamic profile.

In a model of anesthetized piglets receiving mech-
anical ventilation, experimental bronchopneumonia was
produced by the intrabronchial inoculation of a solution of
P. aeruginosa partially resistant to ceftazidime. The aim of
the study was to assess whether lung tissue concentrations
are greater with continuous intravenous administration
than with intermittent administration. Multiple lung
specimens were collected to compare the concentrations
of ceftazidime achieved in the infected lung and the
antibacterial activity.

Methods

Animal preparation and bronchial inoculation

Twenty-four Largewhite-Landrace piglets (21 ± 2 kg)
were anesthetized, orotracheally intubated, and mechani-
cally ventilated in the prone position in the experimental
ICU [6, 7, 8]. An intramuscular injection of 1 g ceftriaxone
(Roche, Neuilly sur seine, France) was adminstered 24 h
before the experiments to prevent the tracheobronchial
colonization by commensal bacteria such as Pasteurella
species and the onset of early ventilator-acquired
pneumonia. The femoral artery was cannulated for
pressure monitoring and blood sampling. Using fiberop-
tic bronchoscopy a suspension containing 106 cfu/ml
P. aeruginosa was selectively inoculated in both middle
(20 ml each) and lower lobes (30 ml each). The MIC of the
inoculated strain for ceftazidime was 16 mg/l. The piglets
were then ventilated with a fixed tidal volume of 15 ml/kg
and no positive end-expiratory pressure. Hemodynamic
parameters, airway pressures, and blood gases were deter-
mined every 3 h. All animals were treated according to the
guidelines of the Department of Experimental Research
of Lille University and the Guide for the Care and use of
Laboratory Animals (NIH publication no. 93–23, revised
1985).

Study design and drug regimens

Ceftazidime (Fortum, Glaxo SmithKline-Beecham, Marly
le Roi, France) was administered 24 h after bacterial inocu-
lation either as a continuous infusion of 90 mg/kg over 24 h

preceded by a single injection of 30 mg/kg over 30 min
(continuous group, n = 6) or as an intermittent injection
(intermittent group, n = 12) of 30 mg/kg every 8 h infused
over 30 min. Blood samples were then collected 30 min
and 2, 4, 8, 16, and 24 h after the initiation of therapy (con-
tinuous group), and 30 min and 1, 1.5, 2, 3, 4, 6, and 8 h
after each intermittent infusion (intermittent group). Urine
samples were collected every 8 h. Animals were treated
during a 24-h period, at the end of which the animals were
killed immediately in the continuous group, and 1 h (peak
concentrations, n = 6) or 8 h after the last administration
(trough concentrations, n = 6) in the intermittent group. Six
nontreated inoculated animals (control group) were venti-
lated during the same period of time to assess spontaneous
lung tissue bacterial burden.

Killing and postmortem analysis

Immediately after killing exsanguination was performed
by direct cardiac puncture, and the lungs were exposed
through a cervicothoracic incision. Five “subpleural”
specimens were excised from upper, middle, and lower
lobes. Each specimen was divided in two contiguous
blocks. On the first cryomixed and homogenized block
ceftazidime tissue concentrations were measured by
high-pressure liquid chromatography [9] with correction
for contaminating blood [10]. On the second block quanti-
tative lung tissue bacterial burden was measured according
to standard method [11, 12]. Specimens were aseptically
weighed using a Mettler PM 2000 (Mettler-Toledo,
Versailles, France). The tissue sample was homogeneized
(Masticator IUL, SA Instruments, Barcelona, Spain) in
brain-heart medium (1 ml/g), and aliquots of the original
homogenate (100 µl) were platted on purple lactose
agar, 5% blood Colombia agar, 5% blood agar to which
nalidixic acid (40 mg/l) was added and “chocolate agar”
with bacitracine (30 U/ml). Tenfold dilutions of the
homogenate were platted to obtain the numeration and
to avoid the carry-over phenomenon of the antibiotic.
Counts of each identified bacterial species were expressed
in colony-forming units per gram of tissue for each lung
specimen. Median and interquartile range (IQR) of P.
aeruginosa counts in all lung specimens were calculated.
The second block was used for histological examination.
Bronchopneumonic lesions characterizing each secondary
pulmonary lobule were classified into three categories
as previously recommended [13, 14]: healthy, mild, and
severe bronchopneumonia.

Pharmacokinetic analysis

Plasma and urine ceftazidime concentrations were meas-
ured by high-performance liquid chromatography. The to-
tal area under the plasma drug concentration-time curve
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was calculated using the trapezoidal rules including all ex-
perimental data points.

Statistical analysis

Ceftazidime lung tissue concentrations (whose distribution
was normal using the Kolmogorov–Smirnov test) and
their regional distribution were analyzed using two-way
analysis of variance for one grouping factor (intermittent
or continuous) and one within factor (lung segment). Rela-
tionships between ceftazidime lung tissue concentrations
and the histological grade of bronchopneumonia were an-
alyzed using the Mann-Whitney test. Lung tissue bacterial
burden in the continuous, intermittent, and control groups
was compared using the Kruskall-Wallis test followed
by Dunn’s test. Statistical analysis was performed using
Statview 5.0 (SAS Institute, Cary, N.C., USA). The level
of statistical significance was set at p< 0.05.

Results

Clinical and pathological findings

Table 1 shows clinical and cardiorespiratory data at
baseline, 24 h after bacterial inoculation, and 24 h after
the first ceftazidime administration. Animals experi-
enced a progressive and significant deterioration in gas
exchange and respiratory mechanics. The proportion of

Table 1 Cardiorespiratory parameters at baseline and 24 h and
48 h after bacterial inoculation in the intermittent and continuous
infusion groups and controls. Baseline values did not differ sig-
nificantly; changes in parameters according to time did not differ
between groups; there was no significant interaction (MAP mean
arterial pressure, HR heart rate)

MAP HR PaO2/FIO2
(mmHg) (bpm) (mmHg)

Intermittent
Baseline 98 ± 14 122 ± 16 422 ± 92
24 h 97 ± 25 98 ± 25 234 ± 113
48 h 87 ± 39 89 ± 23 160 ± 96

Continuous
Baseline 114 ± 21 131 ± 21 435 ± 115
24 h 100 ± 21 101 ± 16 174 ± 112
48 h 90 ± 17 90 ± 18 162 ± 134

Control
Baseline 104 ± 20 139 ± 14 437 ± 61
24 h 94 ± 17 107 ± 22 218 ± 82
48 h 88 ± 14 101 ± 19 170 ± 87

pa p < 0.05 p = 0.2 p < 0.01

a One-way analysis of variance

Fig. 1 Lung tissue concentrations of cefatzidime measured at steady
state 24 h after the initiation of therapy (continuous infusion group,
black bars, n = 6), 1 h (light gray bars, n = 6), or 8 h (dark gray bars,
n = 6) after the third infusion of 30 mg/kg per 8 h. Ceftazidime lung
tissue concentrations were measured on lung specimens representa-
tive of each lobe. In the lower lobe specimens were sampled from
dependent (segment 8), nondependent (segment 6), and posterocau-
dal (segment 10) lung regions. Data are expressed as mean ±SD

secondary pulmonary lobules with severe bronchopneu-
monia demonstrated by microscopic examination of lung
biopsy samples was 54% in the control group, 59% in the
continuous group, 51% in the intermittent group (NS).

Fig. 2 Ceftazidime (CAZ) lung tissue concentrations according to
the histological grade of bronchopneumonia characterizing lung seg-
ments in the continuous infusion group (dark bars, n = 6) or at the
peak level in the intermittent infusion group (gray bars, n = 6). Con-
centrations did not differ significantly according to the grade of bron-
chopneumonia
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Lung deposition of ceftazidime and plasma
pharmacokinetics

Peak, trough (intermittent group), and steady state (contin-
uous group) lung tissue concentrations of ceftazidime are
displayed in Fig. 1. The mean trough level in the intermit-
tent group was 0.6 ± 1 vs. 9.7 ± 4 µg/g in the continuous
group. The regional distribution of lung tissue concentra-
tions showed no significant differences within the infected
lung parenchyma. As illustrated in Fig. 2, ceftazidime lung
tissue concentrations did not differ significantly in healthy
lung segments and in segments with severe or mild bron-
chopneumonia. The mean concentration-time curves for
each of the regimens are displayed in Fig. 3. The areas un-
der the serum concentration-time curve in the intermittent
and continuous groups were, respectively, 670 ± 52mg/l
and 820 ± 70 mg/l per hour (NS). The tissue to plasma par-
tition coefficients were 22 ± 5% in the intermittent group
(peak level) and 17 ± 6% the continuous group (NS).

Antibacterial efficiency of continuous and intermittent
ceftazidime administration

As displayed in Fig. 4, P. aeruginosa bacterial counts did
not differ significantly between lung specimens from the
continuous group (median 7.103 cfu/g, IQR 0–106) and
those sampled in the intermittent infusion group either at
peak (median 4.102 cfu/g, IQR 0–8.10) or trough levels
(median 2.102 cfu/g, IQR 0–4.103). Bacterial burden in
the control group was significantly higher (median 2.104

cfu/g, IQR 6.102–5.106, p< 0.05).

Fig. 3 Time profiles of mean ceftazidime plasma concentrations fol-
lowing the administration of a continuous infusion of 90 mg/kg per
day preceded by a bolus dose of 30 mg/kg (filled circles, n = 6) or the
intermittent intravenous infusion of 30 mg/kg per 8 h (open circles,
n = 12). Data are expressed as mean ±SD

Fig. 4 Lung bacterial burden (expressed in colony forming units
per gram) of P. aeruginosa (minimal inhibitory concentration to
ceftazidime 16 mg/l) in lung segments collected at steady state
24 h after the initiation of ceftazidime therapy either by continuous
(n = 6) or intermittent infusion (“peak”: killing 1 h after the last in-
travenous dose, n = 6; “trough”: killing 8 h after the last intravenous
dose, n = 6) or 48 h after the bacterial inoculation in the untreated
control group. Each symbol refers to a single lung specimen. Lung
bacterial burden of lung segments is significantly lower in the
treated groups than in the control group (p < 0.05). No significant
difference is observed between lung segments sampled in animals
of the continuous and intermittent infusion groups

Discussion

This study performed in anesthetized and ventilated piglets
with bronchopneumonic lungs shows that a ceftazidime
continuous infusion of 90 mg/kg per day provides steady-
state lung tissue concentrations 16 times greater than the
trough concentrations following an intermittent infusion
of 30 mg/kg three times a day. Following intermittent cef-
tazidime infusion peak tissue concentrations were in the
range of steady-state concentrations obtained by the con-
tinuous infusion. Although these concentrations were far
above the MIC of sensitive P. aeruginosa, they were below
the MIC of the inoculated strain (16 µg/ml) in most lung
segments. Despite a partial reduction in lung bacterial bur-
den observed in treated animals there was no difference in
terms of lung bacterial killing between the two regimens
of administration.
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Plasma pharmacokinetics and ceftazidime lung deposition

Both modes of administrations were designed to repro-
duce similar conditions encountered in patients treated
by ceftazidime. In the continuous infusion group mean
plasma concentrations were in the same range as those
measured in critically ill patients receiving a continuous
ceftazidime infusion at a daily dose of 85 mg/kg [15].
In the intermittent infusion group the peak and trough
plasma concentrations were also in agreement with those
found in critically ill patients receiving a bolus injection
of 30 mg/kg [16]. The present study confirms that con-
tinuous infusion is superior to intermittent infusion for
optimizing lung deposition: lung tissue concentrations
at the site of infection remained above MIC of sensitive
P. aeruginosa (approx. 4 µg/ml), a critical condition for
ensuring bacterial killing [4]. In the intermittent infusion
group 1 hour after each administration lung tissue con-
centrations ranged between 8 and 10 µg/g, and plasma
concentrations were 35 ±6 mg/l. Assuming that lung
tissue concentrations decreased to below 4 µg/g when
plasma concentrations were lower than 4 µg/ml, it can
be assumed from the plasma pharmacokinetics profile
(Fig. 3) that lung tissue concentration remained below the
MIC of sensitive P. aeruginosa for at least 50% of the
period between injections, a pharmacodynamic profile not
providing an efficient bacterial killing.

Two previous studies have investigated lung depo-
sition of ceftazidime administered either continuously
or intermittently in spontaneously breathing rats with
noninfected lungs [17, 18]. These experimental studies
reported lung/plasma ratios higher than those obtained
in the present study following continuous ceftazidime
administration: 72 ±12% after the continuous administra-
tion of 30 mg/kg over 30 min [17] and 44 ± 9% after the
continuous administration of 15 mg/kg per hour [18] vs.
25 ± 9% in the present study. Pharmacokinetic differences
between infected piglets and noninfected rats may explain
these discrepancies as well as the lack of correction for
blood contamination in the two rat studies.

In patients with noninfected lungs peak ceftazidime
concentrations measured in the bronchial mucosa 1 h
after a single intramuscular administration of 1 g were of
8.2 ± 4.2 µg/g [19] vs. 7.1 ± 2.4 µg/g in the present study.
Studies performed in patients with pneumonia generally
report antibiotic concentrations measured in bronchial se-
cretions [20] or epithelial lining fluid [15]. These sampling
techniques can be easily performed in ventilated patients,
represent a true estimate of the antibiotic concentration
in interstitial fluid, but have the potential for over- or
underestimating lung tissue concentrations due to the
difficulty of evaluating accurately the dilution factor.

Methodological limitations

Our model of experimental pneumonia closely mimics
human ventilator-associated pneumonia. As in critically
ill patients [13, 14], lung infection was predominant in
caudal and dependent parts of the lung [14, 21], consisted
of infectious lesions with varying degrees of severity
coexisting within the same lung segment, was induced by
a bronchial inoculation resulting in a massive bronchiolar
obstruction by purulent plugs, and was caused by a fre-
quently observed bacteria, P. aeruginosa, with an impaired
sensitivity to ceftazidime. Clinically, a progressive deterio-
ration in gas exchange, respiratory mechanics, and arterial
pressure was observed after 48 h of mechanical ventilation
attesting of the severity of the bronchopneumonia. His-
tologically, lung injury was focally distributed; infected
secondary pulmonary lobules coexisted with noninfected
aerated lobules with a clear delineation by interlobular
septa.

A partially resistant strain of P. aeruginosa was
inoculated in the present study to induce pneumonia. The
necessary preexperiment administration of ceftriaxone
aimed at preventing ventilator-acquired pneumonia caused
by Pasteurella spp. [22] also would have inevitably
prevented lung infection caused by the inoculation of
a sensitive strain of P. aeruginosa. The bronchial inocu-
lation of a strain characterized by a MIC around 8 µg/ml,
however, would have been more appropriate to show
differences in bacterial killing between the two modes of
ceftazidime administration. Unfortunately, such a strain,
necessarily of human origin and characterized by a high
stability (enzymatic mechanism of resistance), could not
be isolated in our laboratory.

It has been previously demonstrated that inflammation
potentiates the penetration of intravenous antibiotics
within infected meninges [23], vitreous cavity [24], or
bronchopneumonic lungs [25, 26]. Surprisingly, lung
deposition of ceftazidime was similar in lung segments
with severe grades of bronchopneumonia and in nonin-
fected lung segments or segments with mild forms of
bronchopneumonia. This unexpected result may be purely
artifactual. Lung tissue concentrations were measured
after homogenization of tissue samples. As ceftazidime
does not penetrate into cells, the extracellular antibiotic
content was likely diluted in the intracellular content, and
therefore the measured tissue concentrations were all the
more underestimated as the infiltration of alveolar spaces
by polymorphonuclear cells was massive. Assessing in-
creased ceftazidime lung deposition would have required
the measurement of extracellular concentrations of the
antibiotic, which can be evaluated by dosing the antibiotic
in epithelial lining fluid.
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Antibacterial effects

Twenty-four hours after initiation of ceftazidime therapy,
which is likely a period of treatment not long enough to
fully assess the antibacterial effect of a time-dependent
antibiotic, the growth of P. aeruginosa strains in the
different lung segments was significantly inhibited, with-
out difference between the two regimens: 25% of the
lung specimens were sterile after intermittent infusion,
30% after continuous infusion, and 10% in the untreated
control group (p< 0.05). This result is surprising since
ceftazidime lung tissue concentrations measured in the
different lung segments remained always below 16 µg/ml,
the MIC of the inoculated P. aeruginosa. If, as stated
above, the technique of lung homogenization tended to
underestimate interstitial concentrations of ceftazidime, it
is possible that peak tissue concentrations obtained after
the last bolus of ceftazidime in the intermittent group
(and likely following the initial bolus in the continuous
infusion group) were above MIC in some lung segments,
resulting in inhibition of bacterial growth. The likely
underestimation of interstitial ceftazidime lung tissue
concentrations by the lung homogenization technique also
may lead to an underestimation of lung/plasma ratios and
a false estimation of the time during which lung tissue
concentrations remained above MIC.

An experimental model of pneumonia caused by
sensitive Klebsiella pneumoniae observed a significant
enhancement of bacterial killing in rats treated by a con-
tinuous infusion of ceftazidime compared to those treated
by an intermittent infusion [27, 28]. In contrast, in an ex-
perimental rabbit model of endocarditis caused by strains
of P. aeruginosa producing an inducible cephalosporinase

no significant bacterial killing could be obtained either by
a continuous or an intermittent ceftazidime infusion [29].
In an invitro infection model in which the concentrations
were only one to three times the MIC of a resistant strain,
incomplete bacterial killing was observed [30]. These
experimental studies clearly indicate that bacterial killing
in the infected tissue requires trough serum concentrations
at least equal to 4 × MIC. Such bactericidal concentra-
tions are more easily maintained by continuous than by
intermittent ceftazidime infusion.

Several clinical studies in humans have reported con-
tinuous infusion of ceftazidime to be more efficient than
intermittent infusion [31]. The present study shows that
continuous infusion provides high lung tissue concentra-
tions that remain stable over time. However, ceftazidime
tissue concentrations were not high enough to kill partially
resistant P. aeruginosa. Further studies are required to as-
sess whether increasing the dose or changing the route of
administration for nebulization may provide efficient bac-
terial killing.
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