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Abstract Purpose: Ventilator-
associated pneumonia caused by
Pseudomonas aeruginosa with
impaired sensitivity to ceftazidime is
frequent in critically ill patients. The
aim of the study was to compare lung
tissue deposition and antibacterial
efficiency between nebulized and
intravenous administrations of ceft-
azidime in ventilated piglets with
pneumonia caused by Pseudomonas
aeruginosa with impaired sensitivity
to ceftazidime. Methods: Ceftazi-
dime was administered 24 h
following the intra-bronchial inocu-
lation of Pseudomonas aeruginosa
(minimum inhibitory concentra-

tion = 16 pg ml™"), either by
nebulization (25 mg kg~' every 3 h,
n = 6) or by continuous intravenous
infusion (90 mg kg~" over 24 h after
an initial rapid infusion of 30 mg kg™,
n = 6). Four non-treated inoculated
animals served as controls. All piglets
were killed 48 h (intravenous and
control groups) or 51 h (aerosol group)
after inoculation. Lung tissue concen-
trations and lung bacterial burden were
assessed on multiple post-mortem sub-
pleural lung specimens [(lower limit of

quantitation = 107 colony forming unit
(cfu g_l)]. Results: Ceftazidime
trough lung tissue concentrations
following nebulization were greater
than steady-state lung tissue concen-
trations following continuous
intravenous infusion [median and
interquartile range, 24.8 (12.6—

59.6) g g~ ' vs. 6.1 (4.6—

10.8) pg g~ '1 (p < 0.001). After 24 h
of ceftazidime administration, 83% of
pulmonary segments had bacterial
counts <10? cfu g~ ! following nebu-
lization and only 30% following
intravenous administration

(p < 0.001). In control animals, 10%
of lung segments had bacterial counts
<10” cfu g~' 48 h following bron-
chial inoculation.

Conclusion: Nebulized ceftazidime
provides more efficient bacterial
killing in ventilated piglets with
pneumonia caused by Pseudomonas
aeruginosa with impaired sensitivity
to ceftazidime.
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Introduction

Ventilator-associated pneumonia is one of the most frequent
nosocomial infections in the intensive care setting [1] and
represents the main reason for the prescription of antibiotics
in critically ill patients [2]. Pseudomonas aeruginosa, often
multiresistant to antibiotics, is one of the major causative
microorganisms [3]. Even though ceftazidime is a cepha-
losporin whose activity is specifically directed against
Pseudomonas aeruginosa, impaired sensitivity of Pseudo-
monas aeruginosa to ceftazidime is constantly rising [4, 5].

In order to rapidly eradicate partially resistant strains of
Pseudomonas aeruginosa from the infected lung, ceftazi-
dime concentration at the site of infection should remain
permanently far above the elevated minimum inhibitory
concentration (MIC) [6]. Although increasing the dose up
to 90 mg kg~' day ' and administering ceftazidime
through a continuous intravenous infusion have been
shown to provide steady-state lung tissue concentrations
16 times greater than the trough concentrations following
an intermittent infusion of 30 mg/kg three times a day [7],
such concentrations remain <16 pg ml~', a value char-
acterizing the MIC of most partially resistant Pseudomonas
aeruginosa infecting the lungs of ventilated patients.

Nebulization of antibiotics offers the possibility of
delivering high lung tissue concentrations of antibiotics in
normal and infected lungs [8, 9]. The nebulization of
amikacin, a concentration-dependent antibiotic, provides a
rapid and efficient bacterial killing in piglets with Esche-
richia coli inoculation pneumonia [10]. In a previous
study, we reported high peak lung tissue concentrations
after a single nebulization of 1-g ceftazidime in mechan-
ically ventilated piglets with Pseudomonas aeruginosa
pneumonia [11]. A time-dependent antibiotic like ceftaz-
idime, however, is efficient for killing bacteria only if
plasma concentrations in the infected parenchyma are
permanently maintained far over MIC. In this preliminary
study [11], the ability of nebulization to maintain high
trough lung tissue concentrations was not investigated.

The aim of the present study was to assess trough lung
tissue concentrations and the bactericidal activity fol-
lowing eight ceftazidime nebulizations per day in a
porcine model of inoculation pneumonia caused by
Pseudomonas aeruginosa with impaired sensitivity to
ceftazidime. The data were compared with those obtained
in a second group of animals treated by a continuous
intravenous administration of ceftazidime.

Methods

Animal preparation and bronchial inoculation

Sixteen bred domestic Largewhite-Landrace piglets, aged
3—4 months and weighing 19 £ 1 kg, were anesthetized

using propofol 3 mg kg~ and orotracheally intubated in
the supine position. Anesthesia was maintained with a
continuous infusion of midazolam 0.3 mg kg ' h™',
pancuronium 0.3 mg kg~' h™! and fentanyl 5 pg kg™’
h™'. The femoral artery was cannulated with a a 3-F
polyethylene catheter (Plastimed, St Leu la Forét, France)
for blood sampling. After technical preparation, the pig-
lets were placed in the prone position and mechanically
ventilated in a volume-controlled mode (tidal volume
10 ml kg™', positive end-expiratory pressure 5 cmH,O)
with a Cesar ventilator (Taema, Antony, France). All
animals were treated according to the guidelines of the
Department of Experimental Research of the Lille Uni-
versity and the Guide for the Care and Use of Laboratory
Animals (NIH Publication no. 93-23, revised 1985).

Forty milliliters of a suspension containing 10° col-
ony-forming units ml~' (cfu ml™") of Pseudomonas
aeruginosa with impaired sensitivity to ceftazidime
(MIC = 16 pg ml™") were bronchoscopically inoculated
in both lungs (10 ml in the upper lobes, 10 ml in the
middle lobes and 20 ml in the lower lobes).

Aerosol generation

Each nebulization was performed over 30 min after
inserting 25 mg kg~ ' of ceftazidime powder diluted in
10 ml of sterile water into the chamber of a vibrating
plate nebulizer (Aeroneb Pr0®; Aerogen Ltd., Galway,
Ireland) positioned on the inspiratory limb 15 cm proxi-
mal to the Y-piece [12]. During the nebulization, the
following ventilator settings were used: absence of heat
and moisture exchanger, volume-controlled mode,
administration of a constant inspiratory flow, respiratory
rate of 15 breaths/min, inspiratory/expiratory ratio of
50%, an end-inspiratory pause representing 20% of the
duty cycle, and positive end-expiratory pressure of
5 cmH,0. In six piglets, after completion of a single
nebulization, ventilatory circuits were washed separately
in a fixed volume of distilled water to assess ceftazidime
extrapulmonary deposition as recently described [12].

Study design

Twenty-four hours after the inoculation, six piglets
received an intravenous rapid infusion of ceftazidime
(30 mg kg~ in 30 min) followed by a continuous infu-
sion of 90 mg kg~ ' day'. In six piglets, eight aerosols of
ceftazidime (25 mg kg~' every 3 h over 30 min) were
administered. In the aerosol group, blood samples were
collected: 30 min, 1, 1.5 and 2 h after the first and second
aerosols, and before (trough plasma concentration) and
30 min (peak plasma concentration) after the third and
eighth aerosols. In the intravenous group, blood samples
were collected 30 min, 2, 4, 8, 16 and 24 h after initiation



1794

of therapy. The piglets were killed by exsanguination
through direct cardiac puncture after sternotomy [11]. In
the intravenous group, animals were killed at the 24th h
after initiation of therapy, whereas in the aerosol group,
animals were killed 3 h after the eighth aerosol in order to
measure ceftazidime trough lung tissue concentration.
Four non-treated inoculated animals ventilated for 48 h
served as controls.

Immediately after killing, five “subpleural” specimens
were excised from the upper, middle and lower lobes.
Each specimen was divided into three contiguous blocks.
The first tissue block was cryomixed in liquid nitrogen,
weighed and homogenized; ceftazidime tissue concen-
tration was measured by high-performance liquid
chromatography [13] with correction for contaminating
blood [14]. The lower limit of quantitation for ceftazidime
concentration was 1 mg 17", The coefficient variations for
ceftazidime of 1, 5, 25 and 50 mg 17" were respectively
3.7, 6, 4.6 and 5.5%, and remained stable over time. On
the second block, the quantitative lung tissue bacterial
burden was measured according to the reference method
[15]. The lower limit of quantitation for bacterial counts
in the lung was 10% cfu g~ '. The third block was used for
histological examination. Bronchopneumonic lesions
characterizing each secondary pulmonary lobule were
classified into two categories: mild pneumonia, defined as
the presence of bronchiolitis and/or focal and interstitial
pneumonia, or severe pneumonia, defined as the presence
of confluent and/or necrotizing purulent pneumonia [16].
The percentage of each category was calculated as the
number of secondary lobules of the category divided by
the total of lobules analyzed.

Statistical analysis

The statistical analysis was performed using SigmaStat
2.03 (SPSS Inc., San Rafael, CA) statistical software.
Data were expressed as mean = SD or median and
interquartile range (IQR) (25-75%) when the distribution
was abnormal. The distribution of the data was verified by
Kolmogorov—Smirnov normality test. The percentage of
infected secondary pulmonary lobules in the aerosol and
intravenous groups was compared by chi-square test.
Ceftazidime lung tissue concentrations measured in aer-
osol and intravenous groups in different lung segments
were analyzed using two-way analysis of variance
(ANOVA) for one grouping factor (intravenous or aero-
sol) and one within factor (lung segments). Comparisons
of ceftazidime lung concentrations between the intra-
venous and aerosol groups and between severe and mild
pneumonias were performed by Mann—Whitney rank sum
test. Lung tissue bacterial burden in the aerosol, intra-
venous and control groups was compared using the
Kruskall-Wallis test followed by Dunn’s test. Plasma
concentrations following each aerosol were compared by

one-way ANOVA for repeated measures.
<0.05 was considered as significant.

A p value

Results
Pathologic findings

Forty-eight hours after the inoculation, 75% of secondary
pulmonary lobules were infected in control piglets (45%
with mild pneumonia and 30% with severe pneumonia),
attesting to the presence of lung infection in the inocu-
lated lungs. After 24 h treatment by ceftazidime, the
percentages of secondary pulmonary lobules of mild and
severe pneumonias were 70 and 23% in the aerosol group,
and 63 and 17% in the intravenous groups. The severity of
pneumonia was not significantly different between the
aerosol and intravenous groups. Figure 1 shows macro-
scopic and histological aspects of the lungs in a control
piglet 48 h after the intrabronchial inoculation.

Extrapulmonary deposition of ceftazidime

Of the initial amount of ceftazidime inserted into the
nebulizer (25 mg kg™ "), 10.1 + 6.7% was retained in the
nebulizer’s chamber, 29.0 £ 7.3% in the inspiratory limb
of the respiratory circuit, 2.8 £ 0.6% in the endotracheal
tube and 17.4 & 9.1% in the expiratory filter. The total
extrapulmonary deposition was 59.3 & 7.1%. The result-
ing fraction of ceftazidime reaching the respiratory tract
was 40.7 & 7.1% of the initial 25 mg kg~' placed in the
nebulizer chamber, representing a dose equivalent to
86 mg kg~ ' day™' delivered to the respiratory tract, a
value similar to the intravenous dose (90 mg kg~ ' day ™).

Lung tissue deposition of ceftazidime

Trough lung tissue concentrations in the aerosol group
were significantly higher than steady-state lung tissue
concentrations in the intravenous group [median (IQR)
24.8 (12.6-59.6) vs. 6.1 (4.6-10.8) ug g~ "] (p < 0.001),
respectively. Distribution of lung tissue concentrations
between lung segments was similar in each group of
piglets (Fig. 2).

In the aerosol group, trough lung tissue concentrations
at the end of the experiment were significantly greater in
lung areas with mild pneumonia than in lung areas with
severe pneumonia (Fig. 3). In lung segments with severe
pneumonia, however, mean trough lung tissue concen-
trations remained >16 pg ml™', the MIC of inoculated
Pseudomonas aeruginosa. Steady-state lung tissue
concentrations after intravenous ceftazidime were not
influenced by the histological grade of pneumonia.
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Fig. 1 Macroscopic (upper
panels) and histological (lower
panels) aspects of the lungs in a
control piglet 48 h after the
intrabronchial inoculation of
40 ml of a solution containing1
10° colony-forming units ml~
of Pseudomonas aeruginosa.

a Nondependent regions of right
and left lungs. b Dependent
regions of right and left lungs.
¢, d Confluent pneumonia in
dependent lung regions:
segment 8 (left picture) and
segment 10 (right picture)

Bactericidal activity of ceftazidime

As shown in Fig. 4, after 24 h of antibiotic administra-
tion, the Pseudomonas aeruginosa lung bacterial burden
was significantly lower in the aerosol group than in
intravenous and control groups: median (IQR): 0 (0-0)
versus 8.5 x 10* (0-5 x 10*) cfug™ and 2 x 10*
(1.3 x 10°-7.5 x 10° cfu g~', respectively. In the
aerosol group, 83% of segments were characterized by
bacterial counts ranging between 0 (sterile) and 10%
cfu g=! versus 30% in intravenous and 10% in control
groups.

Serum pharmacokinetics

Pharmacokinetics of ceftazidime plasma concentrations
are represented in Fig. 5. Peak and trough plasma con-
centrations were similar after each successive aerosol,
suggesting the lack of ceftazidime accumulation. In the
aerosol group, mean peak plasma concentrations were
significantly lower than steady-state plasma concentra-
tions in the intravenous group.

Discussion

This study, performed in ventilated piglets with inocula-
tion pneumonia caused by partially resistant
Pseudomonas aeruginosa shows that tissue concentra-
tions of nebulized ceftazidime achieved in sub-pleural
lung regions were fourfold greater than those obtained
after continuous intravenous administration. Such a high
lung deposition was associated with rapid and powerful
bactericidal activity. Confirming previous data reported in
piglets with Escherichia coli pneumonia treated by neb-
ulized amikacin [10], ceftazidime distal lung deposition
decreased with the severity of pneumonia. However, in
lung areas with extensive infection and massive loss of
aeration, tissue concentrations remained >16 pg g_l, the
MIC of the inoculated Pseudomonas aeruginosa.

Ceftazidime lung tissue concentrations
and bactericidal activity

Pseudomonas aeruginosa is one of the most common
gram-negative pathogens causing ventilator-associated
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Ceftazidime trough lung tissue concentration (pg.g'1)

120
group: p<0.001
100 + segment: NS
interaction: NS
80
60 -
40 A
MIC=16 pg.ml”
20 +
0
S2 S3 S6 S8 S10

Fig. 2 Trough lung tissue concentrations of ceftazidime measured
3 h after the eighth nebulization in the aerosol group (black bars,
n = 6 anesthetized and ventilated piglets) and steady-state lung
tissue concentrations of ceftazidime measured 24 h after the start of
continuous intravenous infusion in the intravenous group (white
bars, n = 6 anesthetized and ventilated piglets). Ceftazidime lung
tissue concentrations were measured on lung specimens obtained in
different lung segments (S) representative of each lobe: upper lobe
(52), middle lobe (S83), nondependent (S6), dependent (S8) and
posterocaudal (§/0) segments of lower lobe. Significantly higher
lung tissue concentrations were found in the aerosol group. Dashed
line represents minimum inhibitory concentration (MIC) of inoc-
ulated Pseudomonas aeruginosa

pneumonia [17]. Unfortunately, its resistance to available
anti-pseudomonal agents reaches 30% in critically ill
patients [18]. In pneumonia caused by sensitive Pseudo-
monas aeruginosa, a continuous intravenous infusion of
90 mg kg~ ' day ' is recommended to optimize the lung

Ceftazidime trough lung tissue concentration (ug.g-1)
140 4

Aerosol group
120

p<0.05
100 -

80 - n=18

60 -

40 1 T
20 {
- e ———

MIC = 16 pg.ml”

Mild Severe

Fig. 3 Ceftazidime trough lung tissue concentrations according to
the histological severity of pneumonia in the aerosol (dark gray
boxes, left panel) and continuous intravenous infusion (white boxes,
right panel) groups. Dashed lines represent minimum inhibitory
concentration (MIC) of inoculated Pseudomonas aeruginosa. Mild

pharmacodynamic profile [7, 19]. In the present study
where pneumonia was caused by partially resistant
strains, lung bacterial burden did not decrease following
such a continuous intravenous infusion (Fig. 4), whereas
ceftazidime nebulization repeated eight times a day
achieved a rapid and efficient bacterial killing.

It is well known that bactericidal activity of concen-
tration-dependent aminoglycosides depends on peak
antibiotic interstitial lung tissue concentrations transito-
rily reached in the infected parenchyma. On the other
hand, time-dependent antibiotics like ceftazidime are
efficient for killing bacteria only if interstitial lung tissue
concentrations in the infected parenchyma are perma-
nently maintained far over MIC. As a consequence,
trough concentrations are much more important than peak
concentrations, and continuous administration is preferred
to intermittent administration. In a previous study, we
reported high peak lung tissue concentrations after a
single nebulization of 1-g ceftazidime in mechanically
ventilated piglets with Pseudomonas aeruginosa pneu-
monia [11]. However, the ability of nebulized ceftazidime
to maintain high trough lung tissue concentrations was not
investigated in this study.

As far as bactericidal activity is concerned, it is rec-
ommended to sustain antibiotic interstitial lung tissue
concentrations fivefold above the MIC during the whole
treatment period [20], and, ideally, continuous nebuliza-
tion should be performed during the whole period of
treatment. For technical and safety reasons, however,
continuous nebulization cannot be performed during
prolonged mechanical ventilation. Therefore, intermittent
nebulizations whose periodicity should be optimized
appear to be the only applicable technique in clinical
practice.

Ceftazidime trough lung tissue concentration (ug.g-1)

140 4
IV group
120 4
100 4§ NS
80 1
60 -
40 A n=13
n=12
P &r ** —E
==
01 MIC = 16 pg.ml”"
Mild Severe

mild pneumonia, Severe severe pneumonia, n number of lung
segments in each histological category, IV continuous intravenous
infusion. In the aerosol group, ceftazidime trough lung tissue
concentrations were significantly greater in lung segments with
mild pneumonia (p < 0.05)
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Fig. 4 Lung bacterial burden of Pseudomonas aeruginosa

(P aeruginosa) after 24 h of ceftazidime administration. Lung
segments (triangles) were sampled 3 h after the eighth aerosol in
the aerosol group, 24 h after the start of continuous infusion in the
intravenous group (IV) and 48 h after the bacterial inoculation in
the untreated control group. Lung bacterial burden was significantly
lower in the aerosol group compared to the intravenous and control
groups. The difference was not statistically significant between
intravenous and control groups. The grey area indicates the lower
limit of quantitation for bacterial counts. Lung segments in this area
are characterized by bacterial counts ranging between O (sterile)
and 10* cfu g~!

In a preliminary study using the same experimental
model, we found that ceftazidime nebulization at a dose
of 50 mg kg™' every 6 h (4 g day™") was not able to
achieve adequate trough lung tissue concentrations and
provide efficient bacterial killing. Therefore, in the pres-
ent study, the same dose (4 g day™ ') was nebulized every
3 h (25 mg kg™ "), with the hope of reaching sufficient
trough lung tissue concentrations. Due to an extrapul-
monary deposition of 59, 41% of the initial ceftazidime
dose placed into the nebulizer chamber entered the
respiratory system at the distal end of the endotracheal
tube. This pulmonary dose of 86 mg kg~ ' day™' was
equivalent to the dose administered intravenously. It is
therefore of note that trough lung tissue concentrations
following ceftazidime nebulizations were fourfold greater
than those obtained after continuous intravenous admin-
istration allowing a major bactericidal effect in 83% of
subpleural lung specimens cultured after eight aerosol
sequences.

It should be pointed out that lung tissue concentrations
obtained from homogenized lung biopsies, as reported in
the present study, likely underestimate lung interstitial
tissue concentrations, the true concentrations that deter-
mine ceftazidime’s bactericidal effect. Lung tissue
concentrations measured in homogenates represent the
total amount of ceftazidime coming from both interstitial
and cell compartments. Because f-lactams have been
shown to have virtually no ability to fill the intracellular
space, the cell component of the homogenate acts as
diluting space [21], and ceftazidime concentrations

Cetazidime trough plasma concentration (ug.ml™)

100 —@— Aerosol
—O— IV
80 -
60 -
40 +
20 A
0 - Al A2 A3 Ad A5 A6 A7 A8

24
Time (hour)

Fig. 5 Comparison of time profiles of mean ceftazidime plasma
concentrations in the intravenous group (continuous infusion of
90 mg/kg per day preceded by an initial rapid infusion of 30 mg/kg,
open circles, six anesthetized and ventilated piglets with inoculation
pneumonia) and the aerosol group (intermittent administration by
nebulization of 25 mg/kg every 3 h, closed circles, six anesthetized
and ventilated piglets with inoculation pneumonia). Al to
A8 = First to eighth aerosol. IV intravenous continuous infusion

measured in homogenates underestimate interstitial con-
centrations [21-23]. The value of this diluting factor can
be estimated from one of our previous work performed in
the same experimental model [7]. Following a 24-h con-
tinuous intravenous infusion of 90 mg kg™ ceftazidime,
plasma levels were 3.5-fold greater than lung tissue
concentrations measured in homogenized lung biopsies
[7]. According to the pharmacokinetic theory, following
continuous intravenous infusion, ceftazidime plasma-free
and lung interstitial-free fractions are equal at steady state
[21, 22]. Since ceftazidime plasma protein binding is low
(15-20%), it can be reasonably estimated that lung
interstitial space represented 30% of the volume of the
homogenate. Such a theoretical approach was confirmed
in dogs receiving continuous infusion of cefepime [24].
This estimated value of 30% is also in accordance with
values of 25 and 40% reported for the extracellular
compartment of lung parenchyma measured in dogs [25]
and rabbits [26] and with the value of 40% reported for
the extracellular compartment of the human bronchial
mucosa [27].

Therefore, lung tissue concentrations measured in
homogenates should be multiplied by 3.5 to estimate
lung interstitial concentrations. As a consequence, inter-
stitial trough tissue concentrations were likely 3- to
13-fold greater than MIC following nebulization and 1 to
2.5-fold greater than MIC following continuous intra-
venous infusion. This reasoning allows understanding of
the major and rapid (within 24 h) bactericidal effect
observed following ceftazidime nebulization, contrasting



1798

with the lack of bactericidal effect following continuous
intravenous administration. It also outlines the need to
reach tissue interstitial concentrations at least fivefold the
MIC.

Confirming previous findings [10, 16, 28, 29], lung
deposition of nebulized ceftazidime was significantly
lower in lung segments with severe pneumonia compared
to segments with mild pneumonia. The presence of con-
fluent and necrotizing purulent bronchopneumonia with
multiple purulent plugs obstructing distal bronchioles and
intra-alveolar inflammatory cells markedly reduces lung
aeration, thereby explaining decreased ceftazidime lung
deposition [30, 31]. In three lung segments with lung
aeration <10%, ceftazidime trough lung tissue concen-
trations in homogenates were less than 10 pg g™,
corresponding to interstitial lung tissue concentrations
<2-fold the MIC; in four segments with mild pneumonia
sampled in dependent lung regions, trough lung tissue
concentrations ranged between 7 and 13 pg g~', corre-
sponding to interstitial lung tissue concentrations ranging
between 1.5 and 2.8-fold of the MIC. These findings
could explain the lack of bactericidal effect in 5 of 30
lung segments in the aerosol group.

Clinical implications

In patients with Pseudomonas aeruginosa pneumonia
treated by intravenous antibiotics, recurrence caused by a
resistant strain is frequently observed [32-34]. Persistent
colonization [35], bacterial adherence to the endotracheal
tube and respiratory tract [36], increased apoptosis in
neutrophils by the type III secretory system [37] and lung
tissue concentrations insufficient for preventing bacterial
growth [20] are considered as the main mechanisms of
recurrent pneumonia. The present study demonstrates that
repetitive nebulizations of ceftazidime provide the pos-
sibility of ensuring high trough lung tissue concentrations,
a condition that may limit the risk of selecting resistant
strains of Pseudomonas aeruginosa. In addition, the route
of administration reduces upper airway colonization and
acts efficiently against the bacterial inoculum coming
from the oropharynx [38, 39].

In anesthetized and paralyzed piglets, aerosols repe-
ated every 3 h were well tolerated, and ceftazidime-
induced bronchospasm was not observed. In the first
pre-study experiments, several episodes of complete
obstruction of the expiratory filter were observed and
associated with a sudden increase in peak inspiratory
pressure and severe arterial hypotension. One animal died
from bilateral compressive pneumothorax due to expira-
tory limb obstruction following completion of the third
aerosol. Following this lethal complication, we decided to

systematically change the expiratory filter following each
aerosol. During the experiments, no complications were
observed.

If the nebulization of time-dependent antibiotics is to
have a clinical future, it should be outlined that the
technique is demanding: nebulizations have to be repe-
ated every 3 h with a standardized technique in order to
guarantee distal lung deposition of aerosolized particles.
Optimizing nebulization requires removal of moisture
exchanger, reduced tidal volume, low respiratory fre-
quency and prolonged inspiratory time, all factors aimed
at providing a laminar inspiratory flow and maximal lung
deposition [9]. To avoid turbulent inspiratory flows that
promote impaction of aerosolized particles in the venti-
lator circuits and trachea, the patient should always
remain synchronized with the ventilator and, if necessary,
sedated during the nebulization period. Last but not least,
the expiratory filter should be changed systematically
after each nebulization. In order to ensure the clinical
feasibility of nebulization of time-dependent antibiotics in
the intensive care unit, physicians and nurses should
follow a specific training aimed at providing indispens-
able skills.

In conclusion, in anesthetized piglets mechanically
ventilated for an inoculation pneumonia caused by
Pseudomonas aeruginosa with impaired sensitivity to
ceftazidime, eight aerosols of ceftazidime per day are
much more efficient in terms of lung deposition and
bacterial killing than a continuous intravenous infusion of
an equivalent dose. Further clinical studies are required to
assess the efficiency of nebulized ceftazidime combined
with nebulized amikacin in the treatment of pneumonia
caused by Pseudomonas aeruginosa.
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