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Lack of Lung Tissue and Systemic Accumulation after
Consecutive Daily Aerosols of Amikacin in Ventilated
Piglets with Healthy Lungs
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Charles-Hugo Marquette, M.D., Ph.D,� Jean-Jacques Rouby, M.D., Ph.D.,# and the Experimental ICU Study Group**

IN a model of ventilated piglets with healthy lungs, we
recently demonstrated a substantial deposition of nebu-
lized amikacin into the distal lung.1 However, only half
of the amount of amikacin available for the lungs was
eliminated in the urine; the other half was either fixed in
the lungs, eliminated by mucociliary clearance, or dis-
tributed in other organs. Consequently, consecutive
daily nebulizations of amikacin may result in lung tissue
accumulation and systemic accumulation, and the fre-
quency of readministration should be defined in exper-
imental animals before nebulized amikacin can be safely
used in humans for treating or preventing ventilator-
associated pneumonia. The aim of the present study was
to assess lung tissue and plasma pharmacokinetics result-
ing from the daily nebulization of amikacin during a
4-day period of mechanical ventilation in anesthetized
piglets with healthy lungs.

Materials and Methods

Animal Preparation
Eighteen healthy Landrace piglets aged 3 to 4 months

and weighing 20 � 2 kg were anesthetized using intra-
venous propofol (3 mg/kg) and were orotracheally intu-
bated in the supine position with a 7.0 Hi-Lo Jet Mallin-
ckrodt tube (Mallinckrodt Inc., Argyle, NY). Anesthesia
was maintained throughout the experiment with a con-
tinuous infusion of midazolam, 0.3 mg · kg�1 · h�1;
pancuronium, 0.3 mg · kg�1 · h�1; and fentanyl, 5 �g ·

kg�1 · h�1. A 20-gauge catheter was inserted in the ear
vein for continuous infusion of 10% dextrose (1.5 ml ·
kg�1 · h�1) and lactated Ringer’s solution (3 ml · kg�1 ·
h�1). A femoral artery catheter (Plastimed, St. Leu la
Forêt, France) and a suprapubic urinary catheter (Vesi-
coset; Angiomed, Karlsruhe, Germany) were placed for
blood and urine sampling. All animals were treated ac-
cording to the Guide for the Care and Use of Labora-
tory Animals (National Institutes of Health Publication
No. 93–23, revised 1985).

The piglets were then mechanically ventilated for 4
days in the prone position with a César ventilator
(Taema, Antony, France) using a fixed tidal volume of
15 ml/kg, a variable respiratory rate adjusted to maintain
PaCO2 between 35 and 45 mmHg, zero end-expiratory
pressure, and a fraction of inspired oxygen adjusted to
maintain PaO2 above 80 mmHg.

Aerosol Generation and Assessment of
Extrapulmonary Deposition
A commercially available ultrasonic nebulizer (Atomi-

sor MegaHertz; Diffusion Technique Française, Saint-Eti-
enne, France), producing small-sized particles required
for a distal parenchymal lung deposition, was used
as previously described.1 The daily dose of amikacin
(40 mg · kg�1 · d�1) was set according to previous
studies and was based on the determination of the
extrapulmonary deposition1,2 in order to deliver to the
respiratory system a dose equivalent to the dose of
15 mg/kg recommended for intravenous administration.

Study Design
The first amikacin aerosol was performed at steady

state, 2 h after the induction of anesthesia. The subse-
quent aerosols were delivered at 24-h time intervals. In
order to detect a possible lung accumulation of amika-
cin, five piglets were killed 60 min after the first aerosol
(group 1), four were killed 60 min after the second
aerosol (group 2), and nine were killed 1 h after the
fourth aerosol (group 4). In order to identify a possible
systemic accumulation, blood samples were collected in
group 4 (n � 9) at 0, 0.5, 1, 1.5, 2, 3, 6, 9, 12, 15, 18, 21,
and 24 h after the end of each daily nebulization. Urine
samples were collected every 3 h during the 24 h fol-
lowing each nebulization. Amikacin plasma and urinary
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concentrations were measured by the immunoenzymatic
method (TDx; Abbott Laboratories, Abbott Park, IL).

Measurement of Lung Tissue Concentrations of
Amikacin
At the end of the experiment, the animals were killed

as previously described,2 and five subpleural lung spec-
imens measuring 3 to 4 cm3 were excised from the
upper lobe (S2), the middle lobe (S4), the apical depen-
dent segment of the lower lobe (S6), the anterior non-
dependent segment of lower lobe (S8), and the postero-
caudal segment of lower lobe (S10). Tissue samples were
processed for amikacin lung tissue using the immunoen-
zymatic method.1,2

Pharmacokinetic Analysis
The peak plasma concentration (Cmax) and the trough

plasma concentration (Cmin) were obtained by direct
observation of the individual kinetic profiles. The analy-
sis was performed with the Siphar® pharmacokinetics
software program (Simed, Creteil, France) using a one-
compartment pharmacokinetic open model with a first
order elimination. The area under the plasma concentra-
tion–time curve (AUCP 0324 h) was calculated using the
trapezoidal rule and included all experimental data
points. The amount of drug excreted in the urine
(A

U 0324 h) was calculated as the sum of amikacin urinary
output measured every 3 h.

Fig. 1. Plasma concentrations of amikacin
(AMK; mean � SD) following three con-
secutive aerosols (40 mg · kg�1 · d�1) in
nine piglets ventilated during 4 days. Fol-
lowing each aerosol (black arrows), ami-
kacin plasma concentrations signifi-
cantly decreased (P < 0.0001, two-way
analysis of variance) in similar propor-
tion (no interaction). Peak plasma and
trough amikacin concentrations were
not significantly different following the
first, second, and third aerosol, suggest-
ing a lack of systemic accumulation.

Fig. 2. Fractional urinary elimination of
amikacin (AMK; mean � SD) in nine pig-
lets ventilated during 4 days and receiv-
ing a daily amikacin aerosol at a dose of
40 mg/kg (black arrows). Following each
aerosol, amikacin urinary elimination
significantly decreased (P < 0.0001, two-
way analysis of variance) in similar pro-
portion (no interaction). Amikacin elim-
ination time profile was similar after
each aerosol, suggesting the absence of
systemic and lung accumulation between
doses.
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Statistical Analysis
All data are expressed as mean � SD. Plasma amikacin

concentrations, amikacin fractional urinary output, and
standard pharmacokinetic parameters (Cmax, Cmin,
AUC

S 0324 h, and AU 0324 h) were compared using one-
way analysis of variance (ANOVA) for repeated measures
(day 1, day 2, and day 3) or Kruskal–Wallis test (nonnor-
mal distribution). The regional distribution of lung tissue
concentrations according to time was compared using
two-way ANOVA for one within factor (lung segment)
and one grouping factor (group 1, group 2, group 4).
Statistical analysis was performed using Statview® 5.2
software (SPSS Inc., Chicago, IL). A P value less than 0.05
was considered statistically significant.

Results

Mean pharmacokinetic parameters (Cmax, Cmin,
AUC

S 0324 h, and AU 0324 h) remained unchanged on days
1, 2, and 3 (table 1). The plasma and urine concentra-
tions versus the time curves of amikacin are shown in
figures 1 and 2. The elimination of amikacin in the last
urine fraction was comparable after the first, second, and
third aerosol: 4.4 � 5.7, 2.9 � 1.4, and 3.7 � 2.1 mg,
respectively. Mean lung tissue amikacin concentrations
were not statistically different between groups 1 and 2.
As shown in figure 3, in group 4, amikacin lung tissue
concentrations remained unchanged in the nondepen-
dent pulmonary segments and were significantly de-
creased in the dependent pulmonary segments (S4, S6,
and S10).

Discussion

In ventilated piglets with healthy lungs, the nebuliza-
tion of amikacin at a dose of 40 mg · kg�1 · d�1 during
4 days resulted in high lung tissue concentrations with-
out producing detectable parenchymal and systemic
accumulation.

Table 1. Plasma and Urine Pharmacokinetic Parameters after
the First, Second, and Third Aerosol (n � 9)

Day 1 Day 2 Day 3 P

AUCS 0324 h, �g ·
h�1 · ml�1

79 � 18 68 � 12 67 � 26 0.32

Cmax, �g/ml 13 � 6 16 � 10 11 � 6 0.37
Cmin, �g/ml 0.47 � 0.60 0.94 � 1.20 0.43 � 0.67 0.72
AU 0324 h, mg 176 � 80 175 � 113 165 � 125 0.63

Values were not significantly different (one-way analysis of variance for AUCS

0324 h and Cmax; Kruskal–Wallis for Cmin and AU 0324 h). All data are ex-
pressed as mean � SD.

AU 0324 h � amount of drug excreted in the urine in the 24-h period; AUCS

0324 h � area under the plasma concentration–time curve; Cmax � peak
plasma concentration; Cmin � trough plasma concentration.

Fig. 3. Regional distribution of amikacin (AMK) lung tissue
concentrations measured in piglets with healthy lungs 60 min
after the first (white bars), the second (gray bars), and the
fourth (black bars) aerosol, showing a significant decrease
(two-way analysis of variance) in tissue concentrations in the
dependent pulmonary segments after the fourth aerosol. Data
are expressed as mean � SD. S2 � upper lobe; S4 � middle lobe;
S6 � dependent segment of lower lobe; S8 � nondependent
segment of lower lobe; S10 � caudal segment of lower lobe.
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Lung Tissue Concentrations after Repetitive
Amikacin Aerosols
After 28 h of mechanical ventilation and two aerosols

of amikacin, lung tissue concentrations ranged from 50
to 400 �g/g and were homogeneously distributed be-
tween dependent and nondependent lung segments. Af-
ter 75 h of mechanical ventilation and four consecutive
aerosols, amikacin lung tissue concentrations remained
unchanged in the nondependent lung segments and
were significantly decreased in the dependent lung seg-
ments, ranging from 20 to 60 �g/g. The observed de-
crease in lung deposition within the dependent lung
segments very likely is explained by a time-dependent
reduction in regional lung aeration, as previously de-
scribed.2,3 No positive end-expiratory pressure was ad-
ministered during the period of mechanical ventilation,
exposing the dependent lung areas to progressive atel-
ectasis. Further studies are required to assess whether
positive end-expiratory pressure, by preventing a time-
dependent collapse of dependent lung regions, may
maintain a high parenchymal deposition of inhaled ami-
kacin. However, it must be pointed out that despite the
decrease in amikacin deposition in dependent pulmo-
nary segments, amikacin lung tissue concentrations re-
mained three to seven times greater than concentrations
obtained after intravenous administration.1

Amikacin Plasma and Urine Pharmacokinetics
after Consecutive Daily Aerosols
Following each aerosol, amikacin peak and trough

plasma concentrations and daily urinary elimination re-
mained within similar ranges in each individual piglet.
However, an important interindividual variability was
observed, confirming previous results obtained in spon-
taneously breathing patients with cystic fibrosis.4

In animals with healthy lungs, the intact alveolar–
capillary membrane offers a high resistance to the sys-
temic diffusion of amikacin.1 Therefore, in the present
study, low and delayed amikacin peak plasma concen-
trations were found, contrasting with high lung tissue
concentrations. Every day, only half of the dose admin-
istered to the tracheobronchial tree was eliminated in
the urine. Consequently, during 3 days of administration,
significant amounts of amikacin likely accumulated
within the tracheobronchial tree and were removed by
successive endotracheal suctioning and/or physiologic
mucociliary clearance.

In the present study, amikacin plasma concentrations
plateaued from the tenth hour following the second and
the third aerosol, and the trough concentrations re-
mained below the threshold for renal toxicity.5 Of
course these findings cannot be automatically extrapo-
lated to bronchopneumonic animals, in which the sys-
temic diffusion of aerosolized amikacin is substantially
greater. However, the kinetic profiles of plasma concen-
tration decays following nebulization or intravenous ad-
ministration of equivalent doses of amikacin are similar
in bronchopneumonic animals.6 Thus, it is reasonable to
assume that a unique daily aerosol should be as safe as a
unique intravenous administration if renal function is
preserved. Additional studies performed in bronchopneu-
monic animals are required to confirm this hypothesis.
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